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1.  Introduction 


The  original  objective  of  this  project  was  to  demonstrate  the  possibility 
of  energy  extraction  from  an  inverted  atomic  system  through  a  new  kind  of  non¬ 
linear  process  called  two-photon  amplification. 

We  have  performed  a  theoretical  study  of  the  proposed  effect,  established 
a  set  of  guidelines  for  the  selection  of  a  suitable  atomic  system  and  carried 
out  the  construction  of  the  required  multi-laser  system.  We  have  not  been  suc¬ 
cessful  yet  in  observing  two-photon  amplification  within  the  time  allotted  to 
the  program  mainly  because  of  the  lack  of  suitable  tunable  dye  lasers.  However, 
many  of  the  original  technical  difficulties  have  been  solved,  and  activities  are 
still  in  progress  along  the  originally  proposed  lines  of  research. 

Several  unsatisfactory  features  of  the  commercial  units  which  were  purchased 
for  our  work  have  been  corrected  (temperature  control  of  the  dvc  and  circulating 
water  lines,  jitter  in  the  initiation  of  laser  output,  etc.).  Other  improvements 
and  modifications  required  for  the  simultaneous  operation  of  the  multi-laser  sys¬ 
tem  are  presently  under  way  in  an  attempt  to  complete  the  experimental  phase  of 
this  project  to  our  satisfaction. 

Among  the  main  advances  that  have  been  carried  out,  we  should  mention: 

i)  the  design  of  a  Ruby  laser-pumped  high  power  infrared  tunable  dvc 

O 

laser  operating  around  9153  A  with  a  considerably  broader  tuning  range  than 
originally  anticipated  from  published  data. 

ii)  construction  of  a  tunable  ultraviolet  source  consisting  of  a  flash 
lamp  pumped  dye  laser  and  angle-tuned  second  harmonic  crystal  for  operation  at 
2721  A. 

iii)  establishment  of  :i  set  of  procedures  for  handling,  testing  and 
monitoring  the  active  atomic  system  ((’:■  1  c  ium  vapor). 


iv)  the  design  of  a  vacuum  system  for  t he  preparation  of  the  vapor  sample 
and  for  the  mixing  of  an  appropriate  amount  of  buffer  gas.  The  latter  was 
chosen  to  be  Xe. 

v)  the  design  and  construction  of  an  accurate  timing  system  capable  of 
driving  the  ultraviolet  and  infrared  laser  pulses  in  a  prescribed  temporal 
sequence.  The  timing  requirements  have  been  solved  after  rebuilding  the 
spark-gap  circuit  in  one  of  our  flash  lamp-pumped  dye  lasers. 

Details  concerning  the  status  of  our  instrumentation  and  the  prospects 
for  the  observation  of  the  proposed  effect  are  described  in  the  main  text  of 
this  report. 

There  remains  a  potentially  troublesome  aspect  of  our  proposed  scheme  which 
resides  in  the  incomplete  and  often  inaccurate  knowledge  of  all  the  necessary 
atomic  parameters.  The  intensity-dependent  gain  of  the  amplifier  is  a  sensitive 
function  of  the  oscillator  strengths  which  enter  in  the  non-linear  atomic  suscep¬ 
tibility.  An  uncertainty  of  the  order  of  a  factor  of  2  or  3  could  be  critical  for 
a  successful  implementation  of  our  scheme.  Because,  however,  recent  interest  in 
four-wave  mixing  processes  has  prompted  renewed  investigation  in  Calcium  vapor 
(as  well  as  Strontium,  Barium  and  Magnesium)  a  more  accurate  theoretical  analysis 
of  the  parameters  in  question  is  expected  to  he  within  reach. 


2.  Theoretical  outline  and  bad. ground 


The  idea  of  producing  two-photon  stimulated  emission  and  amplification  was 
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mentioned  in  early  papers  by  Sorokin  and  Braslan  and  by  Prokorov  .  To  the  best 

of  our  knowledge,  the  first  dynamical  study  of  two-photon  amplification  was  car- 
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ried  out  by  Estes  and  Shammas  jointly  with  this  principal  investigator  using 
the  Bloch-Maxwel 1  formalism. 

Prior  to  this  work,  coherent  two-photon  absorption  had  been  studied  by 
Belenov  and  Poluektov^  and  at  about  the  same  time  by  Takatsuji^. 

From  a  conceptual  point  of  view,  the  scheme  suggested  by  Estes,  Narducci 
and  Shammas  can  be  described  qualitatively  as  follov.’s.  One  assumes  inversion 
between  twe  levels  of  the  same  parity.  If  no  allowed  radiative  processes  or 
collision  induced  decays  exist,  the  natural  relaxation  of  the  excited  atoms 
back  to  the  ground  state  will  be  relatively  long.  If  a  strong  incident  field 
with  a  carrier  frequency  approximately  equal  to  one-half  of  the  atomic  transi¬ 
tion  frequency  is  allowed  to  interact  with  the  atoms,  a  non-linear  polarization 
can  be  induced  which  oscillates  at  the  same  frequency  as  the  incid  ent  wave.  The 
atoms,  then  re-radiate  at  this  frequency  and,  under  appropriate  conditions,  the 
wave  is  amplified. 

The  details  of  the  model  arc  made  more  explicit  in  the  enclosed  reprints. 
Here,  two  facts  are  worth  mentioning:  first  of  all,  if  allowed  radiative  transi¬ 
tions  from  the  excited  state  arc  to  be  eliminated,  it  is  reasonable  to  give  pre¬ 
ference  to  atoms  with  an  excited  state  that  lies  directly  above  and  has  the  same 
parity  as  the  ground  state;  secondly,  the  magnitude  of  the  non-linear  polariza¬ 
tion  is  expected  to  be  much  smaller  in  the  absence  of  near  resonant  intermediate 
states.  The  quasi -resonant  enhancement,  which  is  very  convenient  for  observing 
two- photon  absorption  in  atomic  vapors,  will  be  absent  here  because  of  the  need 


for  a  long  lifetime  of  the  upper  level. 


Thus,  the  selection  of  a  suitable  atomic  species  must  be  made  with  these 
two  conflicting  requirements  in  mind. 

Our  theoretical  understanding  of  the  process  is  rather  satisfactory.  The 
evolution  of  the  propagating  pulse  through  the  inverted  atomic  medium  has  been 
described  in  terms  of  coupled  field-matter  equations.  In  the  limiting  case  of 
coherent  propagation  (negligible  effects  associated  with  the  irreversible  lon¬ 
gitudinal  and  transverse  atomic  relaxations)  the  pulse  evolution  has  been 

described  by  an  "area  equation"  similar  in  spirit  to  the  equations  proposed  by 
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Arecchi  and  Bonifacio  for  a  one-photon  amplifier,  and  by  McCall  and  Hahn  for 

self-induced  transparency.  Our  area  equation,  however,  describes  the  evolution 

of  the  total  pulse  energy  and  thus  is  directly  related  to  a  measurable  quantity 

(by  contrast  the  "area"  of  Arecchi -Bon.i  fac io  and  McCall -Hahn  is  defined  as  the 

integrated  pulse  envelope  which  is  not  directly  observable). 

We  have  discovered  frequency  modulation  effects  which  are  entirely  absent 
in  the  conventional  single-photon  amplifier.  These  are  presently  under  inves¬ 
tigation.  The  available  results  will  be  summarized  at  the  end  of  this  section. 

With  reference  to  Fig.  1  of  the  enclosed  reprint  "Theory  of  a  two-photon 
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laser  amplifier"  by  I..M.  Narducci,  W.W.  Eidson,  P.  Furcinitti,  and  D.C.  Eteson  , 
we  note  that  the  assumed  energy  level  structure  of  our  model  system  has  active 
levels  of  the  same  parity  (energy  separation  tia.'  ^)  .  No  direct  dipole  transi¬ 
tion  can  occur  between  these  levels;  however,  a  non-linear  polarization  can 
be  induced  with  the  help  of  the  dipole-allowed  intermediate  states  which  have 
been  labelled  collectively  with  the  state  vector  symbol  |j>.  It  is  assumed 
that  a  population  inversion  can  be  established  between  the  excited  and  ground 
state  and  that  a  pulse  with  a  carrier  frequency  w  --  is  incident  upon  the 

system . 
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The  main  results  of  the  calculations  reported  in  Ref.  (9)  are: 
i)  The  evolution  of  the  atomic  system  can  be  described  by  a  collection 
of  three  variables;  these  satisfy  three  coupled  differentia]  equations  which 
bear  a  strong  formal  similarity  with  the  liloch  equations. 

ii)  A  non-linear  polarization  oscillating  with  the  same  carrier  frequency 
as  the  incident  pulse  can  lie  induced  in  the  medium.  The  atoms  re-radiate  and, 
under  appropriate  conditions,  cause  an  amplification  of  the  incident  pulse. 

To  be  precise,  additional  components  of  the  non-linear  polarization  may 
also  be  induced  and  competing  paths  for  t lie  release  of  the  stored  atomic  energy 
can  be  opened  (for  example,  third  harmonic  generation  can  he  supported  in  the 
inverted  vapor).  A  simple  way  to  eliminate  the  effects  of  the  non-linear 
polarization  at  frequency  3co  is  to  prepare  the  incident  pulse  in  a  state  of 
circular  polarization.  The  atomic  selection  rules,  in  this  case,  prevent  the 
generation  of  third  harmonic  light. 

If  one  ignores  the  irreversible  dephasintj  processes  induced  by  collisions 
(it  appears  safe  to  ignore  the  relaxation  of  the  population  inversion  because  of 
the  long  lifetime  of  the  excited  state  and  the  low  pressure  at  which  the  system 
is  expected  to  operate),  the  coupled  equations  describing  the  evolution  of  the 
atomic  variables  and  the  propagation  of  the  field  intensity  and  phase  have  been 
shown  to  be 
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The  atomic  variables  and  R7  arc  proportional  to  the  out-of-phase  and  in-phase 

components  of  the  non-linear  polarization;  R.,  is  the  population  difference 

between  the  excited  and  ground  states  of  the  system;  c  "  is  proportional  to 

o 

the  slowly  varying  intensity  envelope  of  the  propagating  pulse  and 
2w-co^a  +  2  is  the  instantaneous  detuning. 

It  is  obvious,  by  inspection,  that  the  atomic  equations  bear  a  striking 
resemblance  to  the  standard  Bloch  equations  for  two-level  atoms  with  two  main 
differences : 

a)  the  role  of  the  conventional  Rabi.  frequency  (essentially  the  envelope 
of  the  driving  field  in  the  ordinal)-  two-level  Bloch  formalism)  is  played  by 
the  field  intensity  . 

b)  the  detuning  term  contains  an  intensity-dependent  contribution  which 

is  immediately  suggestive  of  the  existence  of  chirping  and  frequency  modulation 
effects  even  if  the  resonance  condition  2u  -  =  0  is  met  at  the  input  of  the 

amplifier. 

The  field  equations  for  the  intensity  and  the  detuning  also  resemble 
the  field  equations  for  two-level  systems.  Here,  however,  the  driving  polari¬ 
zation  is  directly  proportional  to  the  field  enve’ope  itself.  Under  coherent 
propagation  conditions  (i.c.  on  neglecting  irreversible  atomic  decay  processes) 
the  atomic  variables  satisfy  the  conservation  law 
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just  as  the  corresponding  Bloch  variables  for  two-level  systems  do.  If,  in 

0)Ka 

addition,  the  resonance  condition  w  =  — —  is  satisfied,  the  additional  con¬ 
servation  law 

R2  -  YR3  =  P'2 (0)  -  YRs(0)  =  -Y 

is  satisfied,  where  y  is  the  ratio  of  certain  electric,  susceptibility  coeffi¬ 
cients  (see  cqs.  (2.7)  and  (5.4)  of  kef.  (9)).  Because  of  these  relations 
between  the  three  Bloch  variables,  the  resonance  propagation  is  governed  by 
only  one  independent  atomic  parameter.  This  has  been  demonstrated  explicitly 
by  showing  the  validity  of  the  exact  formal  solution  of  the  Bloch  equations 


The  result  is  all  the  more  remarkable  if  we  observe  that  the  parameter  a 
which  is  proportional  to  the  accumulated  energy  of  the  pulse  from  the  leading 
edge  (t  =  0)  to  a  given  time  x,  satisfies  an  "area  equation"  which  can  be  in¬ 
tegrated  exactly  to  yield  exact  analytic  predictions  on  the  behavior  of  the 
total  pulse  energy  for  sufficiently  long  amplifiers. 

We  refer  to  the  enclosed  reprints  for  details  concerning  the  quantitative 
predictions  of  this  theory.  Here  it  is  worth  mentioning  that  numerical  solu¬ 
tions  of  the  coupled  Maxwell -I'loch  equations  have  confirmed  the  .above  features 


of  the-  propagation  problem  and  have  shown  in  addition  that,  above  threshold  for 
amplification,  no  intrinsic  limitations  to  the  traveling  pulse  peak  power  is 
imposed  by  the  non-linear  process.  Of  course,  in  actual  practice,  it  is  expec¬ 
ted  that  additional  non) ineari tics  will  become  important  as  the  peak  power  of 
the  incident  pulse  becomes  larger  and  larger.  Nonetheless,  it  is  rather  remark 
able  that  the  usual  power  saturation  effects,  which  are  well  known  in  ordinary 
laser  amplifiers,  are  absent  i it  a  two-photon  amplifying  medium. 

Under  ordinary  experimental  conditions  with  vapor  pressure  of  the  order 
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of  10  -10  torr  and  buffer  gas  pressure  in  the  range  10-100  torr,  the  irrever 

sible  decay  processes  induced  by  collisions  and  the  loss  of  atomic  coherence  ar 
no  longer  negligible.  IV e  have  generalized  the  Bloch  equations  in  the  tradition 
way  with  the  addition  of  phenomenological  decay  terms  for  the  components  R^,  R-, 
of  the  Bloch  vector  and  analyzed  the  evolution  of  pulses  of  various  widths  by 
numerical  techniques.  Solutions  have  been  obtained  over  the  cntiic  range  of 
interest  from  the  coherent  limit  (pulse  duratio:  .  uch  shorter  than  the  atomic 
decay  time  T  )  to  the  rate  equation  limit  (pulse  duration  much  larger  than  T?) . 
As  in  the  case  of  ar.  ordinary  laser  amplifier,  the  main  signature  of  the  loss 
of  the  atomic  coherence  is  the  reduction  and  eventual  disappcarcncc  of  the  puls 
envelope  modulation. 

In  the  extreme  rate  equation  limit,  the  polarization  variables  R.  and  R_ 
can  be  eliminated  adiabatica! lv  and  the  pulse  evolution  is  governed  by  the 
coupled  equations 
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where  x  and  n  are  the  usual  local  time  and  scaled  distance  variabl  es,  and  f. 

denotes  the  instantaneous  detuning  2oj  -  ox  +  2  . 
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The  role  of  frequency  modulation  in  the  propagation  of  a  pulse  has  been 
investigated  only  recently  by  our  group.  A  few  preliminary  results  art- 
available: 

i)  in  the  coherent  regime,  the  field  equations  for  the  intensity  o: 
and  the  detuning  0  imply  the  conservation  law 

Wp(n,T)  C(n,T)  =  yR  0)=0, t)  6 

where  6  is  the  detuning  2ce  -  oij  at  the  input  of  the  amplifier  and  where  the 
linear  s. ottering  losses  have  been  ignored  for  simplicity.  It  is  clear  that, 
unless  the  incident  pulse  is  exactly  tuned  for  two-photon  resonance  (5  =  0), 
frequency  modulation  will  accompany  the  reshaping  of  the  pulse  envelope.  More 
specifically,  the  instantaneous  detuning  is  predicted  to  be 

fiCn.T)  =  6*  Vn*°.T) 

where  &'  (n=  0,x)  is  the  intensity  profile  at  the  input  of  the  amplifier.  It 

is  clear  that  the  magnitude  of  the  ratio  m„(0,O/.r  (ti,t)  controls  the  size  of 

K  K 

the  instantaneous  detuning  relative  to  its  input  value. 

ii)  in  the  rate  equation  regime  the  polarization  variables  K.  and  R_, 
follow  the  variations  of  the  field  intensity  ad i.abat  > cal  ly  according  to  the 


relations 
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The  above  equations  predict  a  dependence  of  R ^  and  on  the  intensity-dependent 
detuning  variable  A  which  is  reminiscent  of  the  usual  dispersion  relations  for 
single  photon  transitions.  However,  in  this  case,  R^  and  R?  are  proportional  to 
the  field  intensity  (rather  than  to  the  field  amplitude)  and  furthermore,  the  lo¬ 
cations  of  the  peak  of  Rj  and  of  the  zero  of  R0  arc  intensity-dependent.  One  of 
the  consequences  of  these  dispersion  relations  is  the  conservation  law 
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which  relates  the  instantaneous  field  intensity  and  the  freouenev  detuning  H. 
Here  again  we  find  that  chirping  is  associated  with  the  pulse  evolution  accoiding 
to  the  relation 
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The  behavior  of  Si  for  the  intermediate  regime  whore  the  incident  pulse  width  is 
comparable  to  the  atomic  transverse  relaxation  time  T-,  is  too  complex  to  he 
studied  analytically.  A  numerical  analysis  is  in  progress. 
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I  IMKOUUIIO.V 

The  posf  ibilily  of  jir'-duvi'.;  t'.vo-photon  st tt.uthti- 
cd  decay  and  p ■••.cor  amplification  in  a  pump-a  ac¬ 
tive  medium  v.-.u.  •:.v;r,ehic  ,  appaieully  far  if  c 
first  time,  by  rny-iTorov1  and  Sore’:in  anc  }:.  .•  - 
lau.*  Since  lla  a,  censidpra'.jl?  prt.yress  ban  t.ca  n 
made  in  it. .'lerstan the  dynamics  of  coherent 
Iwo-pHototi  process  .’s.J 

Much  of  the  recent  work  has  foeoeed  on  situa¬ 
tions  in  which  the  a.orr.s  arc  initially  i  t  their 
(; round  state;  the  results  have  shown  surprit  in  , 
qualitative  stimilnrities  between  coherent  t  vc— 
photon  processes  and  their  tme’e-photon  ci -r- 
parls’-  (the’  tern,  coherent  1?  used  bore,  and  hence¬ 
forth,  to  characterise  situations  where  the  atomic 
relaxation  timer,  are  much  lc.n.'.es  tnan  the  dura¬ 
tion  of  the  pri';'.i;'.atin.:  pulte).  Thr.a,  self-::. raced 
transparency,  pflse •  i.iipli'.t'be  and  (leniency  tiied- 
ulation,  adiahatic  ioilowiir.;,  and  coh.erent  trans¬ 
fer  ef  atomic  populati'  a  have  been  described  the¬ 
oretically.5  Kxpori’.'.intr.  on  i  nhercat  twe-pho.nti 
processes  have  also  been  reported.1’ 

More  lini’te.l  .UU alien  h.  s  been  direclcd  t<>  the 
propagation  of  a  yut;  e  in  an  inverted  nw  divan  when 
the  active  levels  art  not  couph  d  iy  a  lirc>  l  elec¬ 
tric  dipole  Ir.msiti  .-.  •"  Part  eeperiene.'  vviili  ono- 
pholo.i  proeessef  ha.-  s!tm;n  tint  rat  hot  minor  for¬ 
mal  difference.*  ovs  h-?!v«ec:i  Hi"  vvei'  v'c.  Cipu- 
Uo'e  for  an  a'optif”.  it  r.u  iui".  and  the .e  vvlach. 
are  apprt'pn no  for  •*  ab  i  hir s\  ttte.n.  l4‘  Tins 

Ic 


is  still  true  in  the  t  h  aeiical  an:. lyse  id  at  (.ms 
lino’ .r,  M.;ny  f  i'  v: -photo  l  "ti'Mct  (i r  ;«l .  *:i.  n. 

liovever,  the  tin  tv  ef  rvo-]  to-;  :  :  v  :;  n  p 
die's  interest inp  effeils  v.’hicii  have  t.o  :  t  !o  ;  if 
the  ;*lt  a  as  are  luiti'.lh.  ua.  .w.c  .i.  Tbvs,  :  >t  e:-.a 
|.lc,  v.e  find  that,  v.bi’c  a  l,vo-phoSc:i  :i..  or‘o  -r 
alt c-v.s  the  propacalio.i  ol  a.  1  orcnt-'itu-td.epi  u 
steady  -state  prlt  e,  the  coherent  i.-o-ul.  a oa  un- 
plifier  cannot  support  a  steady  -sfpte-pvis  *  en- 
volvpc*.  On  the  ether  hand,  tne  pulse  e.n  :  y  scat 
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equation  is  into  '.i  able  and  l<  .sis  to  vxplicu  pre¬ 
dictions  re I’si m  ;  Uio  asymptotic  (l.u i.e.  distance) 
behavior  o£  ti'.o  pulse  energy.  The  threshold  ton  - 
cl  it  it  ’ii  fiij'  power  amplification  requires  simultan¬ 
eously  a  t  appropriate  population  imorsiou  be¬ 
tween  t lie  active  levels  ami  a  suliieicntly  large 
input  energy.  As  a  result,  small -signal  amplifica¬ 
tion  cannot  be  supported  by  a  two  ,  .cm  amplilier. 
On  the  other  hand,  if  the  power  amplification  con¬ 
ditions  are  met,  a  propagating  pi. Iso  undergoes  en¬ 
velope  modulation  leading  to  nu!.,o  sh.irpc ring  and, 
und.-r  appropriate  conditions,  nniliiplc-pulsc  for- 
nialiun. 

II  iil.OCil  1QI  VI  IOXS  i  OK  till  u  I IV!  Ml  DRW! 

We  formulate  our  calculations  for  a  typical  atom¬ 
ic  system  with  an  energy-level  diagram  such  as 
shown  in  Fig.  1.  Hie  levels  labeled  and  ,b>  are 
assumed  to  have  iden'ical  parity,  while  the  inter  — 
mediate  stales,  labeled  g,  are  coupled  to  either 
| e)  or  j b)  (or  botli)  by  a  direct  dipole  transition. 

The  tola!  Hamiltonian  of  the  system  has  the  form 

II  =  £„  !«)(«  I  +  Kb\  h)\h  |  »-  >-,  j  /  Ay  1  -  t>  •  e  (.v  ,  /) , 

> 

(2.1) 

where  the  electric  field  o  (v,  /)  lias  the  familiar 
form  of  a  propagatir. ;  plane  wave  v  it.h  a  slowly 
varying  envelope  and  phase 

?(v,  I)  =  ?,(v, !)  co;[  -■/  -  if  v+  i?(.v,  /)] .  (2.2) 

The  carrier  frequency  v  is  approximately  equal 


i  j  > 


1  'Vr.  I.  fs'hein  die  c.v  i  v<*l  ili.-'.'j'ar.i  for  an  active 
atonr.  'I  ■  •  ctu'r  .a:  •  i  si i<  In  ii.ver.  -dale-  'a-  arid 

[/•)  is  ai  ;  i  i.\if;viti  .v  t  a  ice  the  eric  i  ',v  ef  1 1  in" id. ml 
plv.l.’  i.  lii"  vnih.,1  |i  I'xlle.  tivelv  ivpr<-  ents  all  the 
lute i  rie-.h  iV  .  tales. 
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to  one-half  the  atomic  ti  n  isilini  frequi  ncy  .atj 
(h'b  a.  We  clai  .  iiy  this  situation  as  degen¬ 

erate  to  di  tin.'.uisli  it  I'iv.i  the  more  general  case 
in  which  two  lu  lds  of  dug  rent  frequencies,  u>, 
and  e.(.e,  <  r  .,,),  are  propagated  through  the 
medium,  'i  he  dipole-moment  operator  is  assumed 
to  have  the  form 

i>  =  !"'0!pc/  1  jWO jpa>  +  (h*  rmitian  adjoint). 

) 

(2.3) 

The  coupling  terms  bet  worn  intermediate-  stales, 
i.e.,  teruir-  of  the  form  1  /  [)'  p,,.,  are  neglected 
in  Eq.  (2.3)  since,  under  the  present  c  i  Uttcns, 
the  atomic  ;  opulation  is  expected  to  be  distributed 
only  between  the  two  active  levels  'n  and  | h). 

Oar  calculation  is  based  on  the  traditional  self-con¬ 
sistent  approach.  W-  eon'-truet  equations  of  mo¬ 
tion  for  the  relevant  atomic  amplitudes  C„  and  Ct 
driven  by  i lie  applied  electric  field.  We  then  derive 
an  expression  for  the  av-mic  polarirati  a  hi  terms 
of  the  atomic  amplitude  s,  and  require,  scdf-con- 
sislently,  tli.it  the  polari  '.uiou  act  as  a  source 
term  for  the  classical  field-propagation  equations. 
This  approach  was  adopted  lo  the  description  of 
a  one -photo  .  amplifk  r  by  Arccchi  and  Bonifacio.9 
Their  results  will  be  recalled  in  our  discussion  to 
emphasize  die  simllaritie.  end  the  difi\  rc-aces 
between  the  one-  and  two-photon  amplifier  theo¬ 
ries. 

On/'  starting  point  is  the  Schrfldingcr  equation, 
ih~\:{!))--;i\:U)),  (2.-5) 

for  a  typical  atom  describe  *  by  a  state  vector 

1  >  (0>  ^<-',(/)<-,i'f'M|/>  +  Cc(/)c-'^'/'|(,> 

i 

<Cb0)c,r>,,'\b).  (2.5) 

The  atomic  slate  vector  evolves  under  the  action 
of  the  lota!  Hamiltonian  give  n  by  Eqs.  (2.2)  and 
(2.3).  The  atomic  amplitudes  C)tCb,Cb  are  as- 
siimed  to  be  slowly  varying  in  time,  i.e.,  In  re¬ 
flect  only  the  secular  variations  of  the  stale  vec¬ 
tor.  This  lssurr.ption  is  well  justified  for  single- 
photon  pm  esses  under  re.- .  nance  conditions.  In 
this  case,  in  addition  to  requiring  that  u>  ‘w,., 
we  must  n>  loci  competing  i  ndiativc  processes 
which  cause  l!v  atom  lo  r;>.!iate  at  a  different  fre¬ 
quency  from  that  of  the  stimulatin'.'  field.  I:i  ihc 
presence  of  .  stroi.”.  signal  at  frequency  v  this 
assumption  . i  .pc.us  jestifi  <!. 

The  exact  in. unit  ,1  equation-  fur  ti.o  atomic  am¬ 
plitudes  are 


Where  we  have  assumed  the  field  to  he  linearly 
polarized  and  where  the  dipole  matrix  elements 
HJa  and  ii)b  are  prop  coons  along  the  direction  of 
polarization  of  the  1. 

Oar  objective  is  to  derive  a  set  of  coupled  cona¬ 
tions  for  the  coherent  amplitudes  and  C„.  To 
this  purpose  we  solve  formally  for  the  intermediate 
amplitudes  C.(!)  and  replace  ;:as.  (?.c,j  i;V  a 
of  coupled  integrodi ! ferential  equations  for  c  (/) 
and  Ct(l).  The  result  is 

tod ,ti)  *  -E  m„a’(v. 


(2.7) 

A  similar  equation  f.-r  (\(l)  can  be  obtained  from 
Eq.  (2.7)  by  interch.m  ing  the  indices  a  and  h  with 
one  another,  in  ordc  r  to  reduce  the  exact  integro- 
diffcroaUal  equations  to  a  inaaair  able  form,  we 
perform  the  slowly  varying  amplitude  approxima¬ 
tion  for  both  the  atomic  amplitudes  and  for  the 
field  envelope.  This,  amounts  to  replacing  o  .{v, ."), 
Cc(/'),  aucl  insole  the  integral  with  their 

values  at  (he  upper  limit  of  inter,  rat  ion,  and  carry¬ 
ing  out  the  exact  integration  of  the  remaining  ex¬ 
ponential  factors. 

Upon  retaining  only  the  slowly  varying  terms, 
the  required  coupled  equations  for  the  atomic  am¬ 
plitudes  Cc(,')  and  (',(,)  take  the  form 


ctU)  -  ;.ct,r*-c'a(/).--^-- 


where  the  parameter  .  fcM,  kH,  and  t0„  are  given 

by 


(2.9) 


and  where  the  slowly  lime -varying  field  amphtude 
/•  is  dc  1  inc.i  by 


As  an  internal  consistency  check  of  the  elimination 
of  the  intermediate  amplitudes,  we  observe  that 

K.!2> ■  o  (2.1D 

as  one  must  expect  from  probability- conservation 
requirements. 

Within  the  approximations  leading  to  the  system 
of  lap  (V.f'.'i,  \  t  have  in.,.!. .cob  the  exact  dynamical 
evolution  ol  the  multilevel  mom  with  a  description 
that  be.u  s  considerable  :  iinilm  ity  to  the  ti  aoition- 
al  analysis  of  a  two-level  system.  The  n.ajoi  dif¬ 
ference,  of  course,  th  d  1  m .  (2.S)  cm. tain  the 
square  of  ti.*.  field  dm  bye,  i  alia  r  tl.a.i  the  : irst 
powe  r  of  the  field  as  ii>  (lie  usual  bercr  jptioii  of 
one -photon  processes  in  a  t\  o-!evc!  s.yitem. 

Ke.xt,  v.-e  derive  an  expression  for  the  atomic 
polarization  in  terms  of  the  i .  levant  amplitudes 
C,  and  C\.  from  the  clefi:  it ic  :> 

^=A'</v  mV  ■;:(/) !//,(/)  (2.12) 

am!  the  ep.  ialor  reprr  sent., turn  •  2 . 3 )  for  the  rioniic 
dipole  m  uncut  vc  iind,  as  (  a  e.tcd,  tl  .  t  the  total 
polarizmliea  depends  on  the  entire  set  oi  atomic 
amplitudes,  i.o., 

/,  =  -v(E  *  E  c.c) . 

(2.1.7) 

The  elimination  of  the  intermediate  ampliu.aes 
C j(l)  is  carried  out  in  identical  fashion  as  in  ti\c 
derivation  of  the  equations  of  motion  (2.0.  a  l  us, 
we  replace  (',(/)  with  their  formal  solution  in 
terms  of  Cc(t)  and  t'.(,')  and  carry  out  the  lime  in¬ 
tegration  alter  malting  the  slowly -varying -ampli¬ 
tude  approximation.  Th.  ■  result  of  this  calculation 
reveals  polarization  terms  which  oscillate  at  fre¬ 
quency  a’,  as  well  as  terms  oscillating  at  f  re-neon  - 
cies  a,,,  and  at  the  third  harmenie  of  the  in¬ 
cident  frequency.  Thus,  as  already  remarked 
(Gris ehkowsky  cl  cl.  in  lief  a),  competing  elf  cts 
may  accompany  two-photon  emission  or  ahsori  ti.n 
processes. 

In  the  proser.ee  of  an  injected  field  at  frequency 
w,  it  appears  reasonable  to  ignore  all  the  pola.  .ra¬ 
tion  contributions  ether  than  those  which  oscillate 
at  the  frequency  ot  the  externally  injected  1  ■  u ' ■  , 

In  tin.  case,  the  atomic  p.ilaeiraltoa  tabes  the 


1 


1  arm 
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♦  ')  sia[  +'t  -ht 


.'.{*,/)  cos|--/- turn  •.  (»,/)] 


or  =  (2  o  -  u-J/  -  2k x  r  2.,>(v,  /) .  (2.15) 

It  is  apparent  from  tlq.  (2.11)  t *i  it,  as  in  t He  one- 
photon  ease,  the  induced  atomic  polarization  con¬ 
tains  terms  that  oscillate  in-pba-e  and  terms  th  it 
oscillate  in  quad:  . '.lure-  with  th"  applied  fell.  The 
in-phase  component  of  the  polarization  in  l'q. 
(2.11),  however,  depends  not  only  on  bilinear 
terms  of  the  type  C, t  but  also  on  tin’  populations 
of  the  active*  1  vels  thro;  •!:  C"  and 
By  analoqy  with  the  Bloeh-veetor  representation 
of  the  one* -photon  theory,  it  is  convenient  to  in¬ 
troduce  the  uc  .c  atomic  variables 

fi1~-i(c;tv<“  -c.c\v-‘“), 

R,  =  -(C.Cf  c*,a  e  C’C,!'10)  ,  (2. 16) 

The  physical  mozutinj  of  //.,  and  /’ ,  is  immediately 
obvious:  //3  represents  the  population  difference 
between  the  two  levels  of  intere-t,  while  ii ,  is  pro¬ 
portional  to  the  quadratui  e  component  ot  the  non¬ 
linear  polarization.  /C„,  however,  is  no  longer 
proportional  to  the  in-phase  component  of  the  po¬ 
larization  because  of  the  dependence  of  l’{\,  t )  on 
the  atomic  populations. 

In  terms  of  the  new  variables,  the  atomic  evolu¬ 
tion  is  described  by  the  sot  of  equations 

I{> ’  t,2 'J  -  ‘  >i  +  2i;-)j  H* +  ’ 

K = -  \r^ir  '< ¥  (2w  - w* + 2  'dj)j  •  C2.  n) 

while  the  atomic  polarization  tahe-s  the  form 

x  cos(w/  -  kx  t-  <■’)  -  S!:abS0li ,  sin(W  -  kx  +  <p) . 

(2. 18) 

The  conservation  probability  (2.11)  is  mapped  into 
the  conservation  of  the  lenqih  of  the  Bloch  vector 

--(«;♦/<; +  /f5)--  0  (2.1ft) 

which  follows  .it  once  from  Kqs.  (2.15). 

Or.  comparin'.  Kqs.  (2.1V)  •..  ith  the  u:  ual  Bloch 
equations  tor  a  tvo-'uvil  j-vs-tem  v  .  mao  two  ma¬ 
jor  differences:  in  I  is.  (2.17)  the  .domic  unable:. 


are  driven  by  the  square  o.  the  electric  field  en¬ 
velope,  rather  than  by  the  field  envelope  itself, 
and  the  detunin  ',  variable  contains  an  inton:  ify-dc- 
pendent  contribution  The  immediate  consequence 
of  the  lalter  feature  is  that,  even  in  resonance 
(2  e -  -v,  and  S.  /e/  01,  the  second  component  //, 
of  the  Bloch  vev.  >r  doc.  net  vanish  for  all  time. 
This  factor  will  bo  shown  explicitly  and  discussed 
in  Sec.  III. 

Ill  tULTU  II  St  i:i :Ol) INtiUt-M A\W  1  t  L  I.QUA !  IONS 

The  field  evolution  is  described  By  the  wave 
equation 

3-  1  S-S  1  0-r 

or  c  3i-  ,-£0  «r  ' 

In  the  slowly  u lyh.q  envelope  and  phase  approtd- 
m  at  ion  Kq.  (a.  1 )  is  equivalent  to 


(3  6  \  w  „ 

/a  a  \  ,  w 


whore  1\  and  are  the  in-phase  and  in -quadra¬ 
ture  components  of  the  polari/.ati  a  in  Bq.  (2.16). 

In  terms  of  tl.e  atomic  vari:  blcs,  the  field  equa¬ 
tions  (3.2)  and  (a.l)  cart  be  cast  into  the  form 

- -V’1  («=  -  ■  (3.4) 

'■o  x  CKob 

{'  oT  +  ot)  °P» = "T;  "  R'Sl  •  (3-r,; 

Tl’.e  coupled  set  of  equations  (2.17),  (3.4),  and 
(3.5)  represent  the  startin'.;  point  of  our  analysis. 

It  is  convenient  to  introduce  the  following  nota¬ 
tions 

y  =  (b(.  -  f'00).  2/.,m  >.■_.(,/ <0 , 

u'n  -  ( 1  +  V')1 1  ( ■■',»/2/:)iS* ,  (3. c) 

n-(2w-wj+2®f 

and  io  refer  the  atom-liold  evolution  to  the  local 
coordinate  frame 

!!-'/<•,  r  f-v/c.  (3.7) 

TV*  Jin  .Li*-M.i\,VL  1]  (.  tjn.il  mm;  o.i  i  br 

v;ritu  m  in  ;!:»•  form 
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100'; 


OH.  (  y  \ 

fj y 

‘  uVrV"'’ 

;  (  . >:  .fT.w  ,  o'! , 

(3.C 

01  K  ) 

J  » 

0/^  o.',, 

0/  =-'(l  7yj‘77i 


3 10  K 

% 

01) 

-  I-1  r.  t 

(3.0) 

on 

i  "M 

0’1  ' 

The  field -cnvt  lope  equation  i:  .ritten  in  Ui  m.-  *t 
(Ik1  ‘Habi  frequency  ’  ac  v.l.ich  is  proportion:*'  to 
the  square  of  the  field  envelope.  The  danipin  g  term 
has  bt-i  n  .  '  i  pi. n, .  .ie.di;,  to  do - 
scribe  the  effect;,  of  nonvcsone.nl  losses. 

in  the  coherent  propagation  Jiir.il,  i.e.,  neglecting 
atomic  rclaxatk  n  effects,  the  fickl  equation  can  he 
cast  into  the  form 


0  ce, 

T7’ 


an 

fcT] 


(3.10) 


which  reveal  an  interesting  conservation  re!:  ti 
for  the  product  of  tie  Habi  frequency  a',.  and  the  de¬ 
tuning  n.  In  fact,  from  Kqs.  (3.10),  we  find 


»“Vn-  (311) 

Equation  (3.11)  can  1*.’  integrated  at  once  to  yield 

(»,«),=  (wfin  (3.13) 

If  at  (lie  input  of  the  active  medium  (he  detunin’: 
parameter  is  zero,  it  remains  identically  zero, 
everywhere.  We  define  as  resonant  propagation 
the  situation  in  which  n=-o  for  ad!  values  of  ;; .  In 
this  case  a  closed-form  solution  exists  lor  the 
atomic  variables  /Jw  rt,,  and  /?,  which  is  easily 
shown  to  bo  (see  o.g.,  Bclenov  <•/  a!,  in  Hof.  3) 

/f,  =  [/<)'/(  1  <i3)l/sJsina  , 

/{,  -[/fjftl  +7")"*|(costf-  1) ,  (3.13) 

^  =  t«r/(l-,>')](eosa  +  v), 

where  Rr,  is  the  population  difference  |etr-  |ra’f- 
just  prior  to  t!:e  arrival  of  I  he  leading  edge  of  the 
pulse  at  a  given  depth  into  the  active  (or  absorbing) 
medium . 

In  arriving  at  Hqs.  p.t.13)  we  have  assumed  im¬ 
plicitly  tlie  swept  excitation  initial  conditions 

«,(T  =  0,.J)  =  0,  (3.11) 

H  Xr  ■■  0,i|)  -A, . 


The  parameter  «(ij,i)  i".  related  to  the  Habi  fre¬ 
quency  by  the  .simple  relation 


So(ij,  t) 
Or 


(3-11') 


or  by 

o(h.r)  -  f  i>t'  it,  (ij.t1)  .  (3.10) 

-/o 

Hen  e,  a  is  pr"p''rli'.n::l  to  the*  irdegi \-.U  d  pulse 
cm  i  i a  from  the  lead. a",  edge  of  the  pulse  up  to  a 
t'ivi  i  value  r  of  the  I*, cal  time.  The  total  pulse  on 
ei‘c.',  '..'ill  ho  d<  noted  !iy 


'.:(:)) '  liin  t)  ; 


(3.17) 


It  is  c,  y  to  derive  the  equation  of  m  ‘.ion  for 
a(i],  r).  From  the  first  field  equation  (3.10)  and 
from  l.q.  (3.13)  we  have 


or, 


f'2  o  p  .  So  da 

' t  (l  v  >  y  Or  ar ' 


(3.1b) 


We  find  a  major  diffeicnce  between  Hr*.  (3.1  R1  and 
the  "ai.  a"  equation  derived  by  Areecld  and  la.ni- 
facio'  foi  a  one- photon  amplifier.  '1  lie  Arccclii- 
lKiiiilae  io  area  equation  has  the  form 


•  "  o  .  ,  ttO 

v  -  (•  smo 
3  ;  - <  01 


(3.10) 


where  a  represents  (I.e  area  under  the  electric- 
field  envelope,  in  our  case  the  nonlinear  driving 
term  on  the  i  .  .!■(-!. :.:y|  « ide  of  Eq.  (3. It;)  contains 
the  preduct  sin ■r  (3*j. ','•-).  Tiiis  circum.- lance  allow: 
us  to  make  ge  neral  statement.'  concerning  Hie  be¬ 
havior  of  the  pulse  cut  rgy  which  are  drastically 
different  from  those  derived  for  a  one-photon  am¬ 
plifier. 

in  order  (0  analyze  the  spatial  variation  of  the 
pulse  energy,  we  integrate  Eq.  (3.13)  viili  respect 
to  the  local  time  t.  Upon  taking  the  limit  -  -°e, 
vc  have 


S(.?)  =  -iH(ij)  +  --- 5 ,ylTs ( 1  -  eosM('j)) .  (3.20) 

The  solution  of  Eq.  (3.20)  in  the  lossless  case 
(/  -  0)  is  found  to  be 


M(?>)  --  2  arc  cotan  /ectan  '.M(0) 


(T 


(3.2Ja; 


or 


E(p)  c-2  arc  cotan  ( cotan  ’'  (0)  — -t-, 

\  (l-*>) 


n) 


-i  2(/.m  1)-  (3. 21V 

where  (3. dial  applies  when  the  ever.  ssh>n  in  h  i  c.e 
p.ueiU.  v:  cs  is  positive,  and  vu.'.'lb)  when  it  is  ue- 
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FIG.  2.  Spatial  behavior  of  the  rill Sc  energy  rL/(q) 

(K  J  (•l.i’Ja)  and  (1.21b))  for  diffe  rent  values  of  the  in¬ 
put  value  /J  (0). 


gative.  The  integer  number  k-  equals  the  integral 
part  of  i.(0)/2:r,  and  M(0)  is  proportional  to  the  in¬ 
put  pulse  energy. 

Typical  solutions  are  shown  in  Fig.  2  corres¬ 
ponding  to  different  input  energies  M(0).  It  is  ob¬ 
vious  both  from  Eq.  (3.20)  and  from  the  solutions 
in  F  ’g.  2  that  the  efficiency  of  the  amplifier,  mea¬ 
sured  for  example  in  terms  of  die  initial  rate  of 
growth,  is  not  a  monotonic  function  of  the  input  en¬ 
ergy.  as  in  the  case  of  an  ordinary  amplifier.  The 
initial  rate  of  growth,  instead  is  maximum  for 
=  and  odd  multiples  of  s,  while  it  vatiish.es 
for  M(0)  ^27,4'!,  etc.  In  the  latter  case  die  pulse 
energy  is  conserved  during  the  propagation. 

Detailed  information  nbout  the  pulse  envelope 
cannot  be  obtained  from  Eq.  (3.20).  A  computer 
simulation  of  Eos .  (3.8)  and  (3.10)  lias  shown  that, 
even  when  the  pulse  energy  is  conserved  during  the 
eve lut ion,  pulse  reshaping  takes  place  with  a  con¬ 
tinuous  narrowing  of  the  pulse  and  a  subsequent 
growth  of  the  peak  power. 

Interesting  predictions  can  bo  made  also  about 
the  asymptotic  behavior  (n  -  v.)  ()f  a  pulse  even  when 
the  field  losses  are  taken  into  account  (/  /  0) .  In 
this  case  the  asymptotic  solution  '-.'('■>)  must  satisfy 
the  transcendental  equation 

i  -  cos .':(*•)  --(l  +r-)’/J(W(~) .  (3.22) 

It  is  apparent  that  multiple  steady-state  solutions 
are  possible.  Three  typical  situations  are  indicated 
in  1-  ig.  3.  With  reference  to  this  figure,  the 
straight  lice  labeled  I  eon  e;. ponds  to  (1 
-•  1 .  The  only  solution  of  Kq.  (3.2.1)  in  this  ease  is. 
o(c)  0.  The  pal;  c  i.  completely  <b  mipatcd  by  the 
scattering  hemes  unit  no  energy  or  pow<  r  simplifi¬ 


es  - 1 - <V - 1 - v,„, 

3  c  a 

I-'iCi .  3.  Asymptotic  s*  sady-stnte  solutions  of  die  area 
equation  (Eq.  (.1.201]  cor  re  see  id  to  the  Intercepts  of  the 


straw  i’t  1  ines  (l  - 


/ (rt)  with  the  curve  1 


—  c tsv  j  ( a  be  straight  line.  I,  2,  and  3  ha v  ■  slopes 
equal  to  l,  [,  and  ,  respect. velv.  The  stable  .  elutions 
are  math  •'  v  ith  solid  ctrek s.  The  i.  :..)>lo  solutions 
are  nrn wed  v,  ifh  oja  n  circles.  Tile  critical  siojv 
(da  she <1  line)  is.  0.72-10. 


cation  is  possible  in  the  inverted  medium.  The 
straight  lino  labeled  2  corresponds  to  (I  +v  ')l^2l/g 
-a.  it  interjects  the  curve  1  -  coshf-e.)  in  three 
points.  It  i  ;  trivial  to  veri  y  from  Eq.  (3.30)  that 
the  intercepts  marked  with  solid  circles  represent 
possible  stable  solutions,  \  h  .a  eas  the  intercept 
marked  witii  an  open  circle  is  an  unstable  a.-v  apto¬ 
tic  solution.  In  the  case  of  iho  :  trai  Jit  line  labeled 
3,  we  have  ch.osc-n  (1  +-,  :)'  •  l/t ;  -  J .  Three  possible 
stable  solutions  exist  [one  corresponding  to  the  tri¬ 
vial  case  .')('-)  ^oj. 

Several  conclusions  can  be  gathered  from  (he 
above  observations. 

(i)  Two  simultaneous  requirements  must  bo  satis¬ 
fied  for  the  asymptotic  propagation  of  a  pub e  with 
an  energy  M(-)  o.  First,  iho  parameter  (I  <  y)l/J 

x must  be  smaller  than  (lie  absolute  criti¬ 
cal  value  0.72 10.  (The  slope  of  the  dashed  line  in 
Fig.  2.)  .Secondly,  the  inch!  <nt  pulse  energv  must 
be  larger  than  i ho  value  of  11  corresponding  to  the 
tirst  unstable  root  tor  a  givtn  choice  of  (1  « >  ')1/7/ 
:!•  If  l.oih  (om'itiour.  are  satisfied,  tin'  total  pulse 
energy  will  converge  to  a  .  (able  nonv.tnishin  ;  value. 

(ii)  The  output  i  t  the  palm-  i  nei  'v  ran  be  larger 
or  small  r  l!i.i;i  il.,  ii.pm  i.ilin.'  b(tl)  d<  (  ending  on 
the  mng.nitude  of  "(0)  lelalice  to  (he  near.  ;  t  stable 
solution  l-(e).  rh is  as pei  t  of  the  props  ,  c.  d  a  prob- 
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i;  a  m  r  ill  1 1. 1! 
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lent  v.  ill  be-  confirmed  by  our  computer  simulation:, 
wliei'i1  it  is  .‘.or  n  lb  it  power  ;nn|ilif  ir.;t  ,'i.'i  in  the  ro- 
heren!  regime  c:iii  occur  both  with  energy  ;i m;>! i f i - 
cut  ion  or  reduction. 

(lii)  'J  hoi  <■  is  no  small it’/i;  1 1  "..tin;  i.c.,  even  if 
the  parameter  (l  i  ,  j1  //,;  i  ,  .nil int  i. 1 11.  •  mall  an 
input  so,, uul  with  onor-v  .uutUler  than  the  Sirs'  un¬ 
stable  root  will  i  ot  be  amplified. 

(iv)  It  i.i  anti'  ipalod  tint  w in-never  multiple  table 
solution;!  are  p  ,  ,  ible,  the  nth  r.laiil.'  roe: 
correspond.'!  to  a  pul  r  '•live!",."  that  hat;  been  split 
into  ii  -  1  diet  incl  pulse  ,  (oo  i'  i::.  (.). 

In  addition  to  the  above  n...  m'.s,  we  can  add  that 
the  field  equations  (3. Id)  do  not  allow  a  steady-state 
solution  for  the  puls i  envelope.  This  feature  it; 
confirmed  by  c  m;  uii  r  simulations  where  it  is 
seen  that,  when  the  tin  onliold  conditions  are  satis¬ 
fied,  the  peal;  power  continue;  t  ■  grow  and  the 
pulse  duration  becomes  smaller  and  smaller,  as 
the  pulse  enviY.y  appre-tchw  its  stable  asymptotic 
value. 

IV.  CO'tl'F  1 1  K  M'.ilii  AIION  Sltillll.S 

The  coupled  set  of  c;, nations  (3.0)  and  (3.K1)  has 
been  analyzed  with  a  Ir  hr  id  computer  ia  the  limit¬ 
ing  case  of  resonant  imeractioa  and  with  the  atomic 
system  prepared  in  a  swept  excitation  nr  le  cor¬ 
responding;  to  the  initial  conditions  (3 .4) ,  and  to  the 
boundary  conditions 

nta*0,T)  =  0  u-v(t).  (4.1) 
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IMG.  j.  I.'v  l  itio.i  of  :■  {/:!•  <•  \  it!:  an  initial  *  r»%  rty  ve  ry 
clo  c  t«»  tli  •  c\;  f‘<-  i  r«  y*  r.oloj  iv  <■.*:. h!v  *. : :  J « :  «_• .  *j  i;  '•  input 
ChClTy  »  y /l1*)  -  •!  t?.*-  .  r.'tio  in  5. 

The  5 n j  kit  pulse  envelope*  h.\.c  the  form 

uy(t)  -(,<'■  sin  (rr/r,,) ,  (4.2) 

where  ~p  denotes  the  pulse  duration  from  the  lead¬ 
ing  to  the  trailin'  edge. 

As  i  ••peeled  the  de  tunin:.;  parann  ter  fl  remain- 
identic  illy  i  ;  to  /.a  a  tnrougLu'il  the  evolution 
of  the  pulse,  an  indication  that  t i : < •  computer 
round-off  ern  r  I.i-  bicii  Impt  sa;  .1).  An  additional 
chech  of  the  accuracy  of  the  solution  is  pro\  id  til 
by  the  conserved  nature  oi  the  linear  combination 
of  atou  ic  variables  H,  -y/f,  as  one  can  \  n  ily  a: 
once  from  Kq.  (3,t)  in  the  resonant  case.  We  have 
monitored  R.-ili.,  and  found  it  to  be  essentially 
constant  over  the  entire  range  of  integration  of 
the  problem . 

Figures  4-0  show  some  typical  solutions  of  the 
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propagation  problem.  The  li'-tb-d  line.-  reprm  ent 
successive  |  il.se  ;  liapes  a(  various  .sections  .linin'. 
Hie  amplifier,  while  the  solid  line:;  give  he  cor¬ 
responding  jj.i!:  fner'  im;  >  -).  As  :  h.  wn  in 
See.  Ill  the  input  .  u> •  r  -v  M (0 )  amt  Urn  nain-to-loss 
ratio.:;  /(!-*>  )' 1  control  tin.*  .myniptutic  behavior 
of  the  pul  si.  ene;-;  y  ’.miter  cuherciit  prepn1.'  itiun  con¬ 
ditions.  In  Si  -..  1  the  •■ain  to  1-  ..  i .. : i,j  c  j-.m:  ,  2. 

As  shown  in  l-'i  .  It,  only  one  stonily- state  value  ot 
£(■’)  is  pos.-mle  corresponding  to  tho  present 
choice  of  a  /(l  <7  l1'  "'  prove!  .1  >1(0)  exec  Is  its 
threshold  value.  Thi  -  behavior  is  confirmed  by  ' 
the  solution  si.  iv.n  in  Fig.  •! .  In  addition,  the  ini¬ 
tial  energy  ' •  1 0 )  is  lamer  ll-.an  th.e  predicie.l  asymp¬ 
totic  value  for  the  chosen  yum  to  loss  ratio.  As  a 
result  the  pul  c  enemy  deert-a  vs  inonotonically  as 
tho  pulse  envelupe  reshapes  itself. 

In  Fig.  5,  we  display  the  evolution  of  a  pulse 
with  an  initial  em  r:;y  >:(0)  -  a  propagating  in  a  me¬ 
dium  with  a  gain-to-loss  ratio  cgunl  to  5.  In  this 
ease  two  steady- state  values  of  N(--=)  are  possible. 
Corresponding  to  the  chosen  initial  value  of  .\'(0) 
the  solution  evolves  into  a  single  narrow  pulse  with 
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Vol .  fit:/  Physics  of  fv...:t7:iiii  7 icetyonics  Scr:cs, 
edited  by  S.  F.  Jacobs,  M.  Sargent,  til,  F.  Scott, 


.ui  a  ivmptnlic  mci  :v  ll. at  can  la’  read  off  dirccllv 
from  1  i...  IS. 

In  I-  0,  we  sh  -  v  tho  effect  ..C  inert- isiny,  the  in¬ 
cident  pulse  tail-:  -,  whip  keeping  the  pain- to- loss 
i:dio  equal  to  ij.  a.-  in  tie’  previous  case.  The  en¬ 
velope  re:  hapes  into  t.-.o  st  parnlo  pulses  which  ap¬ 
pear  to  evolve  more  or  1  -  - s  independently. 

/ldditio.nil  solutions  obtained  for  lai en.-r  values  of 
the  gain- to- loss  ratio  have  confirmed  that  the  i.th 
stable  tiv-iy.y  ).('  )  curie. -.ponds  to  a  pulse  envelope 
that  lias  split  into  i:  -  1  n  pa  rate  pulse-.. 

Furthei  work  to  incorporate  the  effects  of  detun¬ 
ing  and  irreversible  atomic  relax.ttio;  is  in  pro¬ 
gress. 

At  K  NOW  l  a  PGM  [.NTS 
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COHERENT  TWO-l’HOlON  AMPI.l  PI  CAT  I  ON  IN  AN  INVERTED  MEDIUM* 


L.M.  Narducei,  L.C.  Jflir.  .on ,  U.J.  Seibert.,  Lidson 

Department  of  Physics  and  Atmospheric  Science 

Drexel  University 

Philadelphia,  Pennsylvania  19104 

Abstract:  V.V  study  the  propagation  of  an  electrom.ignetic 
P  il.se  in  an  inverted  medium  where  atomic  levels  of  interest  have 
the  same  parity  anti  ar.  energy  separation  equ.il  to  twice  the  energy 
of  the  incidi  rit  photons.  We  analyze  the  coupled  atom-field  evo¬ 
lution  equations  in  the  limit  when  incoherent  atomic  relaxation 
processes  can  be  neglec ed ,  arid  derive  the  threshold  conditions 
for  amplification  and  a  few  exact  conservation  relations.  The 
detailed  evolution  cf  the  pulse  through  the  inverted  medium  is 
investigated  with  the  help  of  a  hybrid  computer. 

1.  INTRODUCTION 

The  subject  matter  of  these  lectures  concerns  the  interaction 
of  coherent  electromagnetic  radiation  a  .id  taller.  This  problem 
of  course,  has  played  a  central  role  in  Quantum  Optics  and  con¬ 
tinues  to  ba  of  great  current  interest  as  indicated  by  the  numer¬ 
ous  recent  advances  discussed  in  this  volume.  In  the  traditional 
view  of  radiation-matter  interaction,  the  atoms  are  pictured  as 
two-level  systems  undergoing,  transitions  be Lweon  dipole-coupled 
energy  levels1.  Our  setting,  instead,  will  be  substantially 
diff  erunt . 

The  two  active  levels  in  our  medium  are  assumed  to  have  the 
same  parity.  All  the  other  energy  levels  play  the  role  of 
virtual  states  in  the  atomic  dynamics.  Because  no  direct 
transitions  are  allowed  botveen'the  two  levels  of  interest, 

*Work  partially  supported  by  the  Office  of  Naval  Research 
contract  number  N0001 a-76-C -10d2 . 
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spout  antous  m  si  i:  ul.itcd  tf.iM.ion  of  radiation  r.n- 1  !e  provided 
by  other  prove  .so:,  such  1  r  extir.  pic ,  i net  us  tic  ati  :  ic 
collisions,  spontaneous  decay  through  a  1  .  Ur  of  lowci  lying 
states,  or  higher-order  non-lit  v.'if  effect :  Induced  by  an 
external  tie.ld. 

Xhe  latter  lathiinii.ci  and,  in  part. talar,  tn<  tua-  j  i.oton 
emission  process  will  he  explored  in  1 1.*  lectun*  a;  a  means 

for  producing  amplification  of  an  incide:  pulse  of  radiation. 

Two-photon  transitions  havt  been  the  K-ct  £  considerable 

activity  in  tin  1  ,st  few  year:  ,  yielding  .  example,  such 
spectacular  pay-offs  as  Doppler-  free  opy  l.-rly  in 

the  development  of  the  theory  ■  f  in  -p'  •  •  r  •  .  r  -  <  -  ter.  id- 

erable  interest  > directed  t  the  study  c :  coherent  atonic 
evolution1*.  As  a  result  of  thee  effort  ,  any  well  vn  one- 
photon  coher  it  atomic  effects  were  shown  to  have  tv:o-photon 
analogue . 

Much  of  the  recent  work  has  focused  on  the  evolution  of 
atoms  from  their  round  state.  More  limited  attention  has  been 
paid  to  the  pro:  ..ration  of  an  incident  pulse  in  an  inverted 
medium'  .  We  address  ourselves  to  this  problem  with  the  ..tided 
restriction  that  the  carrier  frequency  of  the  incident  pulse 
be  approximately  ......  half  th<  atomic  tram  it  ion  frequency.  The 

more  general  situ.-.t  .  n  involvin'  two  incident  pulse-,  .ha:, 
carrier  1  requencie:  add  up  to  the  atomic  tr«.r  sition  frequency 
has  also  been  c.  allure  d  jn  the  literature'  .  This  genet aj  i- 
zutiow,  however,  will  not  he  eject;,  red  in  those  lectures. 

Our  analysis  evolves  along  the  lines  :  .;  p.-d  out  by  Estes  et 
al.  in  tile  context  of  tin  so-called  self-consistent  field 
approximation®.  Schematically ,  one  can  picture  the  process  as 
follows:  the  incident  field  drive.-  the  ex.  ted  .-.terns  and 

generates  a  non- linear  polarization  which  c: dilates  with  a 
cairiei  frequency  equal  to  that  of  the  incident  field.  The 
radiated  and  incident  fields  ,.dd  coherently  and  drive  another 
group  of  atoms  further  down  into  the  active  medium.  This 
picture  is  oversimplified  because  additional  non-limar 
polarization  components  also  come  into  play  and  competition 
effects  may  become  im;  orient  .  Audi  Lionel  cc* -cents  on  this 
problem  will  be  r-.de  in  subsequent  sections  of  this  paper. 

Mathematical  1  v ,  the  ..loniic  evolution  is  described  by  the 
Schrodinger  equation;  the  tield  propagation,  instead,  is 
governed  by  Maxwell’s  equations.  The  macroscopic  non-linear 
polarization  is  calculated  se 1 t -cons  is  teat  1 y  in  terms  of  the 
quantum  mechanical  atomic  amplitudes9. 
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The  resulting  atomic  equations  con  be-  c.st  into  a  form  that 
is  formal  J;.  identical  to  that  cf  tin-  familiar  iiloch  equations 
describin'  tin  one-photon  evolution  of  two- level  ;  u-r  . .  Two 
tinin  differences  will  be  noted :  tin  driving  field  amplitude 
entors  quadrat ical ly ,  rather  th.  n  lir.t-arly,  in  the  atomic 
equations  of  .  .Cion,  and  iiu  et.s  i  <\ -dep<  dispersion  effect* 

are  predicted  which  wi 11  he  interpreted  as  dynamic  Stark  shifts 

XI.  ATOMIC  EVOLVi ION 

In  order  to  fix  our  at  tent,  i  n  on  a  concrete  example, 
consider  the  lowest  lying  levels  of  th  singlet  spectrum  ol 
Calcium  (lip.  1) 


Figure  1.  Lower  lying  singlet  levels  of  Calcium 
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We  assume  the  atoms  to  he  initially  prepared  in  a  state  of 
inversion  between  the  *  1);,  level  at  2lfc>U  c •  and  the  y. round 
State.  The  1  D;  level  is  tie  J  OV.es  t  excited  Stale  of  the  singlet 
manifold.  It  is  veal.lv  coupled  to  the  ground  state  by  a  quadru- 
yiole  transition,  and  to  lover  Ivin.-,  triglot  states  by 
col  1  i  .sioual  mix. 'tii  .  iiie  absence  of  lower  Ivins-  1'  stales  is  an 
Important  practical  .  d van tape  of  Calcium  ate:.-.,  j  f  one  wants  to 
maintain  a  sufficient  inversion  prior  to  the  arrival  cf  the 
signal  to  be  amplified. 

'J lie  schematic  energy  level  diagram  to  be  kept  in  mind  for  the 
following  development  is  illustrated  in  Tip.  2.  The  active 
levels  e-  (e.g.  the  .-round  •  d  _  -  tati.)  ,  (t  .  g .  ll.  incited 

1 1)2  state)  are  separated  by  an  energy  difference  -If  -b,.  nnd  are 
assumed  to  have  identical  parity.  At  ll.  end  o:  tin  pi:-  ping 
process  an  injected  electromagnetic  signal  with  carrier  fre¬ 
quency  approximately  equal  to  ’y  ~e  ,  is  assigned  the  task  of 
producing  the.  required  non-linear  polarization  between  the  active 
levels . 


Figure  2.  Schematic  energy  level  diagram  of  the  atomic  model 
used  in  the  calculations 
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The  atonic  evolution  is  fcu  raud  by  the  total  Ha:  j]  Ionian 


H  = 


l>S(x,l) 


(2.2) 


where  p  is  the  dipole  moment  operator  in  the  direction  of 
polarization  of  the  incident  field,  and  where  '£(>;, t)  is  assumed 
to  have  the  tor:,  of  a  prop.  .  .  .ting  plan.  w_ve  with  a  slowly 
varying  envelope  and  phase  : 


£(x,t)  fo(x,t)  co:  (  t  -  kx  +  .(x,t))  ,  (2.3) 

The  field  carrier  frequency  a  is  set  approximately  equal  to 
‘Jba  ~  • 

As  a  rer.ult  of  our  assumption  concerning  the  parity  of  the 
active  levc.s,  the  dipole  non. at  operator  takes  the  font 

P  =  ••  Paj  !a><j|  +  ubj  |b><j!  +  hcrr.iti..:,  adjoint  ,  (2.4) 


The  coupling  terms  u  . ,  |  jxj  '  ■  between  intermediate  states 
are  ignored. 


The  exact  ScbrBdinrer  equation  for  the  state  vector  (2.1)  is 
equivalent  to  an  infinite  bieri-ichy  of  coupled  amplitude 
equations  involving  not  only  Ca(t)  and  Cb(t) ,  but  also  the 
amplitudes  of  all  the  intermediate  states  ij>.  As  a  first  step 
ve  need  to  eliminate-  the  int  e:  r.ieu  iute  state-  amplitudes  using 
the  slowly  varying  rrr’itud  .  . .  a  and  tl.e  assumed 

quas i—r^f.U'.uce  conditio;  d  c  -  j,  -  .  This  propr.ir  can  1' r 
accomplished  ut>  indicated:  v  t  Lnd  the  for::  ai  solution  for 
Cj(r)  and  eliminate  the  intii  .  diatc  sU-.; 
equations  for  C’a(t)  and  Ch(r).  The 
coupled  intep.i  c'~di i  f  erent  i  a  1  equations  of 


f.  .it  p  1  i  t ud c  s  i  r ova  the 
i  is  a  pair  of 
the  type 


1 
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i 

i 


u  j_  ca(.)  -  -  E  4  r 

J  D 

(u  .  E(x,t  ')C  (t ')  exp  (iu  t)  +  v  ..  £(x,t')C,  (t') 

j  «  a  jci  j  b  b 

exr(l-’jb  t')  ,  (2.5) 

(A  similar  equation  for  (,,  (t)  follow:,  from  Eq.  (2.5)  upon 
interchanging  the  indices  and  b  with  o.ie  another.) 

The  exact  problem  r..ay  now  bo  reduced  to  manageable  form  by 
taking  ad\  nta  c  of  the  slowly  vary in;  amplitude  approximation. 
This  amounts  to  replacing  the  field  amplitude  £  (>• , i ' )  cud  the 
atomic  amplitudes  C^(t')  and  C^(t'i  inside  the  integral  with 
their  values  aL  the' upper  lir.iit  of  integration.  Finally,  the 
exact  integration  of  the  remaining  exponential  factors  can  be 
easily  carried  out.  At  this  point,  for  consistency,  only  the 
secular  terms  must  be  retained. 


As  a  result,  the  atomic  amplitudes  C  (t)  and  C,  (t)  are 
found  to  satisfy  the  coupled  equations  o?  motion 


dt 


:  (t)  =  jr  {  l<  i  Z2  c  (t)  +  h  v  ,  f2  C  (t) 
a  'll  a  a  o  a  ab  '-'o  b 


ia  i 

c  J 


if  -  1 


The  parameters 


i  1  1‘  kbb4  Cb(t)  +  kab^  Ca(t)  e“la  },  (2.6 


aa  -X\ 


bb  A< 


t  y? 

,  Ja 


1  y2 
t  Jb 


u . 

_ IS _ 

, ,  2  2 
Ja 


OJ 


AL 


6) 


2  2 
cv,  -u* 

jh 


(2.7) 


are  the  electric  susceptibilities  of  a  single  atom  in  che  states 
|a>  and  |b>  ,  respectively,  and 


ab 


y  l  ~-A*--Ab 

*11  ■  . 

j  wJb+u 

is  the  so-called  two-photon  pyroelectric  ratio. 


(2.8) 


The  phase  ancle  a  is  defined 


L 


r 
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a  =  (2u  -  l,,  )t  -  2kx  +  2i|<  (x,t).  (2.9) 

ba 

As  a  check  oi  the  interna]  consistency  of  the  elimination 
process,  we  observe  that 

'a7(lcJ2  +  lcbl2)  =  0  *  (2.io) 

as  one  would  expect  from  probability  conservation  ary  aments  ;  f 
the  virtual  states  ore  not  populated  during  the  evolution. 

The  amplitude  equations  (2.9)  In.  .it  a  consider. .Me  similarity 
to  those  which  govern  the  evolution  of  two-level  atim.-  undergoing 
one-photon  transitions1.  3n  the  two-photon  case,  however,  the 

field  ar  litcdv  . -nt  rs  o:  .droti  .all; . .  might  .meet  in  it.. 

of  the  nature  of  the  atomic  transition. 


III.  HELD  equations 

The  field  propagation  in  the  medium  is  described  by  the 
wave  equation  in  one  dimension 


-  -1-  11- 1 


where  the  source  tern  P  is  the  macroscopic  polarization  of  the 
sample  and  c  „  is  the  vacuum  perir.it  tivi  ty  .  A  convenient 
representation  for  the  macroscopic  polarization  is 


P(x,t)  =  cos  (wt-k>:+.)  T  I's  sin  (ut-kx+v).  (3.2) 

The  in-phase  (P  )  and  out-of-phase  ( P t )  components  of  the 
polarization  wiil  be  slowly  varying  functions  of  space  and  tire 
if  the  carrier  frequency  of  P(x,t)  is  approximately  the  same  as 
that  of  the  driving  field.  In  the  presence  of  competing  contri¬ 
butions  oscillating,  at  frequencies  other  than  w,  the  polarization 
components  P  and  Ps  will,  of  course,  be  no  longer  slowly  varying. 
This  issue  will  bo  discussed  more  at  length  in  Section  A. 


Within  the  slowly  varying  amplitude  ..::d  phase  approximation, 
Eq .  (3.1)  reduces  to  the  following  pair  of  coupled  transport 
equations 


(3.3) 
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which  govern  the  propagation  of  the  field  amplitude  C  and 
phase  v • 

IV.  ATOMIC  POLARIZATION 

The  equations  of  motion  developed  in  Sections  2  and  3  are 
made  sel 1 -consistent  hy  calculating  the  polarization  (  .-s.j  . nents 
P  and  P^  in  ter:  -  of  the  quantum  mechanical  atomic  amplitudes, 
by  definition,  the  macroscopic  pol^r i zn t iu.i  is  given  by 

P  =  K  <  T(t)  [pi  i(t)  >  (4.1) 

where  p  is  the  dipole  moment  operator  (he.  (2.4)),  •;  (t)> 
the  atomic  state  vector  (Eq.  (2.1)),  and  N  is  the  atomic 
density.  As  expected,  the  total  polarization  depends  on 
entire  set  of  atomic  amplitudes,  i.e. 

r  **  ’  3  U>  t  *  ]'  'a .  t- 

P  “  •'  fa  M.  C  C  e  ja  +  v.  ..  C  C,  e  jb"  +  C.C.} 
j  ja  a  j  J  jb  b  j 

Our  immediate  task  is  to  eliminate  the  intermediate  state 
amplitudes  C.  consistently  with  the  approximations  made  in  de¬ 
riving  the  atomic  equations  of  motion  (he.  (2.6)).  first  v.e 
replace  C.  ir.  (Lq.  (4.2))  with  their  exact  formal  solution,  ve 
replace  tT.e  slowly  varying  amplitudes  £  ( >,  t 1 )  ,  C.  (t  *)  and 
Cb(t’)  with  theii  values  at  the  upper  limit  of  the  tire  inte¬ 
grations,  and  carry  out  the  retaining  elementary  integrals. 

The  result  of  i he  lengthy  but  simple  calculation  reteals 
polarization  contributions  that  Oscillate  at  a  frequency  c,  as 
well  as  terms  oscillating  at  the  frequencies  ..  ja,  jb,  and  3*. 
These  additional  terms  oscillating  at  the  'V-rpr.g"  frequencies 
open  the  door  to  competing  effects  which  may  accompany  the  two- 
photon  absorption  cr  emission  proo»  ns.  A  detailed  analysis  of 
the  third  harmonic  contribution  bus  slicwr.  that  it  can  be 
eliminated  if  the  incident  pulse  is  circularly  polarized1''. 

Raman  type  ccmpet  i  t  ion.e ,  on  tin  other  hand  c  n.not  be  ruled  out. 
The  question  of  their  ir.port.ir.ee  in  this  problem:  t,ri3ii.s  to  be 
worked  out  in  detail. 

In  the  following  development  we  retain  onlv  the  polari¬ 
zation  components  that  oscillate  at  the  frequency  of  the 
incoming  field.  In  this  case,  the  atomic  polarization  takes 
the  lorm 


number 

the 


(4.2) 
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«y  analogy  with  the  Uloch  vector  repr>  mentation  of  the 
one-photon  theory i , 
atonic  variables 
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atonic  equations 
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The  field  equations  take  the  form 
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It  is  convenient  to  introduce-  the  following  notations 

uNV. 


Ob  aa 


2k 


ab 


ab 


_ _  *^1 

/l+y*  ab 


•Jjj  C. ^  =  lUihi  frequency 


(5.4) 


J1  =  +  2  •  •• 

ba  j  t 

fr.d  describe  the  evolution  of  th  entire  systea  in  the  travelling 
reference  frate 

„  x  x. 

n  =  ,  t  =  t  -  — 

c  c 

Final  J  >  ,  the  coupled  Schrodinger-Kaxv.el  1  equations  can  be  cast 
into  the  form 
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The  field  damping  term  -Cto  lias  been  added  phenomenologically 
to  describe  the  effects  of  diffraction  and  other  non-resonant 
scattering  leases.  The  coupled  equations  (5.5)  are  valid  in 
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the  coherent  limit,  i.e.,  when  atomic  relax. ition  effects  can  he 
neglected .  In  this  tin. it  tliree  ex-.i  r  relations  can  he  derived, 
two  in  tiie  form  of  conservation  laws,  the.  third  providing  a 
1  ini;  between  the  field  intensity  and  the  detuning  variable. 

The  first  relation  is  a  consequence  of  the  probabilitv 
conservation  (kq.  (2.10))  which  in  terms  of  the  blueh  variables 
takes  the  fora 

Rj  +  K*  4  R^  -  1  (5.6) 

The  second,  which  is  valid  only  for  resonant  props,  Lion  (.'.“0), 
if  a  direct  consequence  of  the  second  and  third  atomic  eauat i tin  . 
These  can  be  combined  to  give 

R2  -  y  Kj  “  K2(o)  -  R.4(o)  =  -y  (5.7) 

The  third  exact  relation  follows  from  the  field  equations  after 
they  have  been  combined  to  yield 
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provided  the-  variable  Is-  connected  tc-  the  Kabi  frequency 

by 


or  by 


3o 

3  t  t:K 


(6.2) 


o(r,,l) 


T 

dt'  u-k(n.T') 

O 


(6.3) 


Thus  o  (n , t )  is  proportional  to  the  accumulated  pulse  energy  up 
to  the  local  tine  Clearly  the  total  pulse  energy  1(e)  will 
be  given  by 


Kn)  =  lim  o(n,t)  (6.4) 

The  dynamics  of  the  coupled  atom-field  svstem  is  governed  bv 
Eq,  (6.1)  and  by  the  partial  differential  equation 

32a  n  .  3 a  ,  3a 

3 P  3t  =  Sln  °  3^  ’•  3-i  (6.6) 

which  follows  directly  f rot,  Eq.  (6.2)  and  the  field  equations. 

On  the  surf. .oe,  Eq .  (6.6)  is  ret..inisi  nt  of  tbi  so-called  art  - 
equation  first  proposed  by  Arccchi  and  Bonifacio  to  di scribe 
the  pulse  evolution  in  a  homogeneous ! y  broadanc  d  laser  amplifier 
under  coherent  and  resonant  propagation  conditions".  Two  rain 
differences  will  be  recogni zed :  first  of  all,  the  gain  tern  in 
the  Arecchi-boni  f acio  area  equation  lias  the  fort.  G  sin  a,  where 
C  is  a  gain  parameter;  secondly,  the  "area"  o  is  not  a  measurable 
quantity  in  the  one-photon  amplifier  theory. 

A  mathematical  consequence  of  the  structure  of  the  gain 
term  in  our  Kq .  (6.5)  is  that  the  equation  can  be  integrated 
exactly  with  respect  to  c'ae  local  tine  with  the  result 

l-  £(n)  =  -  U(n)  +  — -  (1-cos  ?.  (n) )  (6.6) 

on  .  o 

v  l-l-  Y' 

The:  steady  state  behavior  oi  t  lie  total  pulse  energy,  I  (p)  ,  i« 
governed  b>  the  transcendental  equation 

1  — cos  1  (*•)  -  li-twl  x  g  (,c)  (o.7) 


-  * - - 
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figure  3.  lhe  asymptotic  steady  state  solution  o:  the  energy 

equation  (Eq.  (6.7))  correspond  to  the  intercepts  of 

Llie  straight  line  /l+y'  --  7.  vi th  the  curve-  1-cos  1. 

It 

The  straight  lines  1,2  and  3  have  slopes  equal  to 
1,  1/2,  1/5  respectively.  The  stcbli  solution.,  are 
narked  with  solid  circles.  The  unstable  solutions 
are  narked  with  open  circles.  The  critical  slope 
(dashed  lint.)  equals  0.7246. 

It  is  clear  from  Fig.  3  that  non-trivial  solutions  of  Eq .  (6.7) 
will  exist  only  if  the  gain  to  loss  ratio  exceeds  a  certain 
threshold  value  and  ••’.Iso  that,  if  such  threshold  is  exceeded, 
multiple  steady  state  solutions  arc  possible.  Which  of  the 
possible  multiple  solutions  is  going,  to  be  realized  physically, 
depends  on  the  incident  value  l(o). 

Kv  inspection  of  Fig,  3  several  quantitative  conclusions 
can  be  drawn: 

i)  Two  simultaneous  require::  ones  must  be  satisfied  for  the 
asymptotic  propagation  of  a  pulse  having  a  total  energy 

E(~)  4  o:  the  parameter  -  must  be  smaller  than 

the  critical  value  0.7246  (the  slope  of  the  dashed  line 
in  Fig.  3),  and  the  incident  pulse  energy  must  exceed 
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the  numerical  value  corresponding  to  the  first  unstable 
root  of  Eq  .  (6.7).  If  both  conditions  are  satisfied, 
the  total  energy  fill  converge  to  a  stable  nwi-vai.  i  shinf 
value.  The  stability  of  tin  asymptotic  solution  of 
Eq.  (C.7)  can  be  assessed  at  oi.ee  by  analyzing  the  sign 
of  cil/cin  in  tht  vicinity  of  the  roots. 

ii)  The  output  value  of  the  pulse  energy  can  be  larger  or 
smaller  than  the  input  v\.lue  Etc),  depending  on  the 
magnitude  of  1 ( o )  relative  to  the  nearest  stable 
asymptotic  root. 

iii)  Ihere  is  no  snail  signal  gain,  i.e.  even  if  the  gain 
to  loss  ratio  is  sufficiently  large,  an  input  pul 
whose  energy  is  smaller  than  the  first  unstable  root 
will  not  be  amplified. 

More  detailed  information  on  the  transient  evolution  and  envelope 
•modulation  requires  tFie  use  of  a  cc..,uter  simulation.  As  »:e 
show  in  the  next  section,  the  pulse  envelope  does  not  approach 
a  steady  state11.  Our  simulation  indicates  that,  if  the  thres¬ 
hold  conditions  are  met,  the  propagating  pulse  narrows  indefi¬ 
nitely  as  the  energy  approaches  its  stable  asymptotic  value. 
Furthermore,  whenever  multiple  stable  solution:  are  possible, 
the  n- th  stable':  root  I  (•)  corresponds  to  a  pulse  envelope  that 
has  been  split  into  (n-1)  distinct  pulses. 


VII.  COMPUTER  SIiaXATIGN’S.  COliERFM!  FRO)1  A"  All  ON 


The  set  of  equations  (5.5)  has  been  analyzed  with  a 
hybrid  computer.  In  this  section  we  summarize-  the  main  results 
with  an  eye  on  the  f ol lowing  features  of  the  problem 

i)  Validity  of  the  threshold  conditions  for  propagation 
of  simple  and  multiple  pulses. 


ii) 

Transient  evolution 

iii) 

Approach  to  steady  s 

The  system  is  assumed  excited 
corresponding  to  the  initial 

Rj (7~o,n) 
R^l-o.r) 
Si  (t.n-o) 
wr(t ,n=o) 

of  single  and  multiple  pulses. 

tate  of  the  pulse  energy. 

in  a  swept  excitation  node 
and  boundary  conditions 

-  R^(i=o,n)  =  0 

=  1 
=  0 

"  ur(t) 


(7.1) 


The  input  puj.se  intensity  was  assigned  the  shape 


w  (t)  =  t~L  sin2  (r  i/t  ) 

IV  p 

where  i  is  the  pulse  duration  iron:  the  leading  to  the  trailing 
edge.  P 

As  expected,  the  computet  simulation  shows  that  if  the 
detuning  variable  ..  is  zero  a:  the  boundary  of  the  medium,  it 
remains  equal  to  zero  during  the  evolution  of  the  pulse. 

The  threshold  conditions  L.-ve  been  checked  by  choc  sing  a 
gain  to  loss  ratio  smaller  than  the  tht  vs.bold  value  (reciprocal 
slope  of  the  dashed  line  in  Fij  .  1)  or  an  incident  pulse  energy 
smaller  than  tit«  first  unstable  r.  -t  corresponding  tc.  ..  suffi¬ 
cient  large  gain  to  loss  ratio  in  Fig.  3.  In  both  cares  the 
incident  pulse  is  attenuated  during  the  propagation. 

The  first  two  examples  of  propagation  above  threshold 
are  shown  in  Figs.  4  and  5.  These  simulations  display  the  evo¬ 
lution  of  two  input  pulses  with  initial  energies  £( o)  =  3  and 
£(o)  =  8,  respectively,  which  propagate  in  a  medium  characterized 
by  a  gain  to  loss  ratio  equal  to  2.  Under  these  conditions, 

Eq.  (6.7)  and  Fig.  3  predict  the  propagation  of  a  single  pulse. 
This  is  confirmed  in  Figs.  4  and  5. 

In  the  case  of  Fig.  5,  the  incident  pulse  has  an  enc-r;.y 
larger  than  the  expected  steady  state  value  I (») .  Strong 
transient  modulation  and  energy  loss  characterize  the  pulse  evo¬ 
lution,  Still,  as  observed  with  all  the  simulations  where  the 
threshold  conditions  were  satisfied,  peak  power  amplification 
occurs  even  when  the  pulse  experiences  a  net  energy  loss.  An 
example  of  pulse  break-up  is  shown  in  Fig.  6.  The  gain  to  loss 
ratio  equals  5  and  the  input  energy  is  set  equal  to  9.8. 

According  to  Eq.  (6.7)  and  Fig.  3,  the  asymptotic  value  of  the 
pulse  energy  is  predicted  to  correspond  to  the  third  stable 
solution  (2(“)  =  o  is  considered  to  be  the  first  stable  root) . 

Two  propagating  pulses  are  observed  under  these  conditions.  By 
contrast  (Fig.  7)  ,  a  pulse  with  a  smaller  input  energy 
(E ( o)  =  5)  travelling  in  a  medium  with  the  same  gain  to  loss 
ratio  does  not  exhibit  pulse  break-up.  The  predicted  asymptotic 
value  of  the  pulse  energy  equals  the  second  stable  root  displayed 
in  Fig.  3  for  this  value  of  g/ C  /l+y^  . 

In  all  the  cases  shown  above.,  the  total  pulse  energy  at 
every'  section  along  the  amplifier  was  read  off  at  the  far  right 
of  the  solid  lines  representing  the  evolution  of  a(t,n).  With 
due  allowance  for  the  fact  that  some  of  the  simulations  had  to 
be  terminated  before  reaching  their  asymptotic  stage, 
the  agreement  with  the  predicted  values  of  £(<■■)  was  found  to  be 
quite  satisfactory. 
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Figure  4 


Computer  simulation  illustratin'  the-  evolution  of 
the  pulse-  intensity  through  the  a:..yl  i f \  ing  medium. 

The  diii  e-rent  dashed  curves  rej-re.-e-nt  the  intensity 
envelope  in  different  sections  of  ti.e  amplifier.  The 
solid  curves  are  the  corresponding  integrated  energies 
o(r,,T).  The  value  of  a(i.,t)  at  the  far  right  gives 
the  total  energy  £(• )  .  The  horizontal  axis  is  the 
local  tine  axis,  with.  .=0  (leading  edge  of  the 
pulse)  at  the  far  left.  The  input  energy  is  :.(o)-3 
and  the  gain  to  loss  ratio  g/i  i'l+yz  equals  2. 
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Figure  5.  Evolution  of  a  pulse  with  sn  initial  energy  E(o)=8; 

the  gain  to  loss  ratio  equals  2  as  in  Fig.  A.  Fate 
the  transient  envelope  modulation  and  pulse  energy 

loss . 


Figure  6. 
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Evolution  of  a  pulse  with  initial  energy  :;(0)^9.S  in 
a  Medium  with  a  gain  to  loss  ratio  equal  to  5.  The 
asymptotic  pulse  energy  is  expected  to  take  a  value 
equal  to  the  third  stable  root  shown  in  Fig.  1 
(straight,  line  i'3)  .  Under  these-  conditions,  pulse 
break-up  is  observed. 
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Figure  7.  Propagation  of  a  pulse  with  initial  energy  : (o)=5. 

The  gain  to  loss  ratio  is  the  same  as  in  Fig.  6. 

A  single  peak  is  expected  on  the  basis  of  Ec.  (6.7) 
and  Fig.  3. 
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The  selection  of  an  active  medium 


On  the  basis  of  the  theoretical  analysis  of  Section  2,  an  appropriate 
atomic  system  should  be  able  to  support  a  population  inversion  between  two 
levels  of  the  same  parity.  These  two  levels  should  be  connected  by  a 
sufficiently  large  non-linear  susceptibility,  but  at  the  same  time  the  depletion 
of  the  upper  state  by  natural  relation  to  lower  lying  states  should  be  Kept 
reasonably  low.  These  requirements  appear  difficult  to  satisfy  simultaneously 

because,  while  on  the  one  hand  the  third  order  susceptibility  can  be  enhanced 

A 

significantly  be  the  presence  of  near  resonant  intermediate  level,  the  radiative 

A 

decay  rate  from  the  upper  state  is  also  increased  considerably  by  the  presence 
of  lower  lying  allowed  transitions. 

One  must  also  keep  in  mind  that  both  the  pump  and  the  incident  pulse  should 
be  tunable  and  that  the  power  level  of  the  incident  pulse  should  be  fairly  large 
to  overcome  the  threshold  requirements  for  two  photon  amplification.  Thus  the 
choice  of  an  active  system  should  be  made  while  keeping  in  rind  the  availability 
of  tunable  sources  for  the  pumping  and  the  amplification  stages  of  the  processs. 

A  reasonable  compromise  appears  to  he  offered  by  atomic  Calcium  whose 
lowest  lying  singlet  energy  levels  are  shown  in  Fig. 1  of  Ref. 9  (See  enclosed 
reprint).  We  have  directed  our  efforts  to  producing  a  population  inversion 
between  the  - 1)_  level  at  21S50  cm  ^  and  the  'S  ground  state.  After  completion 
of  the  pumping  process  an  infrared  pulse  of  tunable  laser  radiation  would 
stimulate  two-photon  decay  of  the  atoms  and  amplification  at  the  same  frequency 
as  the  incident  field. 

Inversion  between  the  ! D0  level  and  the  ground  state  can  he  achieved  in 
practice  only  with  the  help  of  a  higher  lying  level  (Coherent  two-photon 
absorption  between  the  %  and  the  1 P_  levels  could  conceivable  be  used  as  well, 
but  the  practical  realization  of  this  scheme  looks  very  difficult  at  this  time). 


We  have  decided  to  pump  the  upper  level  by  way  of  the  ^1’^  level  at  30732  cm 
This  level  is  coupled  to  the  ground  state  by  a  dipole  allowed  transition  which 
requires  the  absorption  of  ultraviolet  radiation  of  2721. OE  A°.  The  branching 
ratios  favor  the  decay  of  the  excited  ‘R^  state  to  the  •*  1)  level  so  that,  at 
least  theoretically,  a  moderately  intense  UV  pulse  of  resonant  radiation  should 
be  able  to  produce  sufficient  population  inversion  between  the  two  levels  of 
interest . 

Two-photon  amplification  should  then  be  possible  by  sending  a  pulse  of 
infrared  radiation  of  9153  A°  (the  frequency  corresponding  to  9153  A0  is  one 

t. 

half  of  the  frequency  separation  between  the  D ^  level  and  the  ground  state). 

Both  the  ultraviolet  and  infrared  sources  should  be  tunable.  A  practical 
way  to  produce  an  ultraviolet  pulse  of  pump  power  is  to  convert  the  output  of 
a  Coumarin  dye  laser  by  second  harmonic  generation  with  an  angle  tuned  KDP 
crystal.  The  infrared  pulse  can  be  produced  with  an  1R-125  dye  laser  excited 
by  a  Q-Switched  Ruby  laser  pulse. 

The  practical  realization  of  this  scheme  has  proven  to  be  a  considerable 
challenge  which  has  delayed  our  progress  more  than  anticipated.  At  this  time, 
however  we  feel  that  the  remaining  difficulties  can  be  overcome.  A  survey 
of  our  progress  along  these  lines  and  an  appraisal  of  our  present  chances  for 
implementing  this  scheme  will  be-  discussed  further  on  in  this  report. 


4. 


Preparation  of  the  active  medium 


In  order  to  estimate  the  pump  requi rcmen ts  we  consider  the  simplified 
energy  level  diagram  shown  in  rig. 4.1 

Tiie  correspondence  between  the  levels  shown  in  the  figure  and  the  Calcium 
levels  of  interest  is  listed  in  Table  (4-1).  We  ignore  collision  induced 
relaxation  processes  out  of  the  singlet  manifold  into  the  lower  lying  triplet 
states  because  these  are  expected  to  be  unimportant  in  the  pressure  range  of 
the  experiments,  bet  the  total  number  of  atoms  in  the  three  levels  be  N  with 

N-  fl*  i  >U  ‘'h 

The  population  rate  equation  arc 
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Where  the  coefficients  A.  .  ;ind  B.  .  are  the  usual  Hinstein’s  A  and  B  coefficients 

J  ij  ? 

with  A.  .  measured  m  sec  and  B. .  in 
XJ  ij 


c:n 

erg  sec" 
erg  sec, 
cm" 


- - 2  •  The  parameter  p  is  the  pump 

energy  density  per  unit  bandwidth  •  For  the  chosen  levels  of  Calcium, 


the  parameters  are  listed  in  Table  (4-2). 

We  are  concerned  with  the  evolution  of  the  population  of  level  3.  This 
can  be  obtained  from  the  rate  equations  after  some  elementary  calculations. 
The  result  is 
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FIG,  4-1 


SCHEMATIC  ENERGY  LEVEL  DIAGRAM 
OF  THE  ACTIVE  MEDIUM 
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5.  Monitoring  the  Calcium  Cell 

A  well  known  problem  in  atomic  spectroscopy  is  posed  by  the  necessity 
for  measuring  the  density  of  atoins  in  a  gaseous  phase.  Light  absorption  tech¬ 
niques  have  been  developed  over  the  years  whenever  vapor  pressure  curves  have 
been  found  not  sufficiently  accurate  for  this  purpose.  In  our  case,  for  example, 
the  vapor  pressure  data  for  Calcium  which  are  reported  by  CRC  Handbook  of 
Chemistry  and  Physics  cover  the  temperature  range  926°C  -  2290°C.  Our  measure¬ 
ments  are  carried  out  around  800°C,  (below  the  Ca  melting  point);  consequently, 
the  available  data  are  of  no  use  for  our  needs. 

If  one  knows  the  oscillator  strength  of  a  particular  allowed  transition, 
a  measurement  of  the  atmoic  density  can  be  carried  out,  in  principle,  by 
recording  the  attenuation  of  a  light  beam  in  the  neighborhood  of  the  absorption 
line.  One  of  the  absorption  lines  of  Calcium  ate  ms  (  ->■  at  4226. 73°A) 

is  especially  suited  for  this  purpose  because  of  its  large  oscillator  strength. 
However,  while  it  is  correct  to  argue  that  the  attenuation  coefficient  can 
yield  the  atomic  density  directly,  the  practical  extraction  of  tiiis  information 
from  the  data  is  not  trivial  for  the  reasons  explained  below. 

Consider  a  column  of  gas  of  length  SL  and  let  It7UC  (v)  be  the  incident 

c  o  in 

flux  per  unit  frequency  range,  in  the  limit  where  beer's  law  holds  the 
transmitted  flux  per  unit  frequency  range  is 

Itrue  (v)  =  Itrue  (v)  e'k(vH 
out  in 

where  k(v),  the  true  absorption  coefficient-  per  unit  length,  is  proportional 
to  the  atomic  density  (strictly  speaking  k(v)  is  proportional  to  the  ground 
state  atomic  population;  however,  in  most  instances,  the  excited 
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population  is  entirely  n  ;gl  igible  ) .  If  the  dispersing  instrument  used  to 
resolve  the  absorption  profile  had  infinite  resolution,  the  measurement  of 
would  be  completely  trivial. 

In  reality,  of  course,  a  spectrometer  is  a  linear  optical  instrument  with 
a  transfer  function  of  iinite  width.  Let  G(v)  be  the  spectrometer  response 
to  an  infinitely  narrow  atomic  line  of  unit  strength.  The  linearity  of  the 
instrument  insures  that  the  response  to  a  collection  of  narrow  lines  of 
strengths  Aj ,  A,,  ...  A  will  be  such  that  the  observed  spectrum  takes  the 
form 

I  -  /U  Cicv-K) 

4. 

If  the  spectrum  to  be  analyzed  has  a  continuous  profile  Itrue  (v) ,  the  observed 
spectrum  has  the  form 
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In  particular,  if  tiie  light  entering  the  spectrometer  is  emerging  from  a 
column  of  absorbing  gas,  the  observed  and  the  incident  spectrum  will  be  related 
by  the  convolution  integral 
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It  is  clear  that  even  if  the  empirical  relation 
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should  hold  between  the  observed  spectral  distributions,  no  simple  relation 
is  expected  to  exist  between  k°^'’  (v)  and  tne  true  absorption  coefficient  k(v) 
It  is  also  clear  that  the  observed  line  will  bear  little  resemblance  to  the 
true  absorption  line  in  general. 

In  principle,  one  would  think  that  the  elimination  of  the  instrumental 
broadening  could  be  carried  out  by  deconvolution  techniques.  In  fact,  given 
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the  Fourier  transform  of  the  convolution  integral  leads  to 
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Hcncc  the  inverse  Fourier  transform 
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gives  the  spectral  profile.  This  procedure  works  well  for  noise  free  data. 
However,  almost  any  amount  of  noise  will  make  the  numerical  inversion  hopeless, 
even  if  one  could  measure  the  instrument  function  G  with  good  accuracy. 

Accurate  I10-20o)  information  on  the  atomic  density  can  still  be  derived 
experimentally  even  with  an  imperfect,  spectrometer:  this,  however,  requires 


knowledge  of  the  atomic  lincshape.  On  the  contrary,  no  detailed  knowledge  of 


the  instrument  function  is  need'  1. 


There  are  five  basically  distinct  line  broadening  mechanisms: 

1.  Natural  broadening .  The  natural  lineshape  has  a 
Lorentzian  profile  with  a  half-width  given  by 

^ 

c2 Ti  T  <27? 

where  'C  is  the  natural  decay  time  of  the  transition  and  is  the  Einstein 
A-coefficient . 

2.  Doppler  broadening.  The  Doppler  line  has  a  Gaussian  shape 
with  a  half-width  given  by 

JL  fJhA  ft2~k  T 

~'a7  v  ” 

where  XQ  is  the  transition  wavelength  and  M  is  the  mass  of  the  atom. 

3.  Iloltsmark  broadening.  this  line  broadening  mechanism  is 

due  to  collisions  between  atoms  of  the  same  kind.  In  many  instances,  this 

.2 

effect  is  negligible  below  10  Torr. 

4.  Lorcntz  broadening.  Tins  line  broadening  mechanism  is 
due  to  collisions  between  the  atoms  of  interest  and  the  buffer  gas.  This 
effect  is  small,  below  5  Torr  of  foreign  gas. 

5.  Stark  broadening.  This  is  due  to  electrostatic  and  Van  der 
Ivaals  interactions.  This  is  negligible  when  3  and  4  are  negligible  in  our 
experimental  situat ion . 

It  is  easy  to  calculate  the  lineshape  due  to  the  combined  natural 
plus  Doppler  broadening.  The  result  is 
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where  £2  and  are  the  degeneracy  factors  of  the  excited  and  ground  state 

levels  and  N  is  the  number  density  of  atoms  per  unit  volume.  The  parameter 
ol  represents  the  ratio  of  the  natural  to  Doppler  1  inev.idths ,  while  is 
the  frequency  of  the  line  measured  from  line  center  in  units  of  Doppler 
widths.  The  physical  meaning  of  follows  from  the  evaluation  of  k(v) 
at  line  center  =  0) . 

In  fact, 

2. 

k  <v=  y-j  -  ( -J  -  £»- /  (a)  )  e  ; 
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a  typical  value  of  c;  for  an  atomic  gas  is  ~  10  so  that 

k(y=y.j  z  ku  . 

It  would  be  a  mistake  to  assume  that  because  of  the  smallness  of  a  one  can 
ignore  the  natural  broadening,  because  the  wings  of  t lie  absorption  curve  can 
be  dominated  by  natural  rather  than  Doppler  absorption,  especially  for  sufficiently 


large  atomic  densities.  Hence  for  accurate  work  the  lineshape  k(v)  given  by 
the  above  integral  representation  will  be  used. 

For  small  values  of  ct  an  excellent  approxin  lion  to  the  lineshape  is  given  by 
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where  F(t>  )  is  the  Dawson  integral 
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Our  previous  comments  on  the  importance  of  retaining  at  least  the  lowest  order 

dependence  of  k(c\,)  on  a  are  well  justified.  If  k  (c\,)  were  simply  given  bv 
? 

kQe  l>'-‘  ,  its  value  would  be  practically  zero  after  4  or  5  Doppler  widths, 

whereas  this  is  not  the  case  if  the  first  order  correction  is  retained.  Our 
numerical  analysis  shows  clearly  that  if  one  neglects  the  a-dcpcndence  in  the 
absorption  lineshape,  the  resulting  atomic  density  can  be  in  error  by  large 
amount  s . 

The  structure  ot  the  Dawson  integral  suggests  that  numerical  errors  are 
likely  to  become  very  severe  for  large  values  of  (In  practice  we  found 

that  values  as  large  as  30  are  required  for  a  sufficiently  accurate  evaluation  of 
the  curve  of  growth.)  For  values  of  oi  of  the  order  of  or  greater  than  6, 
the  following  asymptotic  approximation  was  found  to  be  very  accurate 
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Nate,  however  that  the  above  is  an  asymptotic  scries  and  that  its  accuracy 
is  not  only  a  function  of  the  number  of  terms  which  are  retained  but  also  of 


the  magnitude  of  For  >  6,  the  lour  term  expansion  was  found  to  be 

very  accurate  (a  few  parts  per  million.). 

Now  that,  the  atomic  lineshape  is  known,  we  are  in  a  position  to  relate 
the  observed  absorption  curve  to  the  atomic  population  density.  Given 

tree  -  h(y‘)( 
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i  W 

we  integrate  the  left  and  right  hand  sides  with  respect  of  v  over  a  sufficiently 
large  range  to  include  all  the  required  spectral  features.  The  shape  of  the 
observed  spectrum  shows  clearly  that  the  v  integral  cannot  be  extended  over 
the  entire  frequency  axis,  otherwise  the  result  of  the  integration  will  diverge. 

It  will  be  only  necessary  to  extend  the  range  of  integration  until  the  integral 

J  G  (  v’~  *’> 

becomes  independent  of  vf.  Strictly  speaking  this  implies,  in  turn,  that 
the  v "*  integration  must  also  be  carried  out  over  a  finite  range.  In  practice, 
there  is  no  problem  with  these  restrictions  owing  to  the  very  narrow  region 
of  the  frequency  axis  where  the  relevant  spectral  information  is  contained. 

With  this  in  mind  we  obtain 
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where  ct  is  a  constant  defind  by 
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If,  in  addition,  the  incident  flux  has  a  white  spectrum  in  the  region  of  interest, 
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we  have 


The  observed  sign.nl  has  the  typical  shape  shown  in  1  ig  (.5-1).  Hence,  if  follows 
that 
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where  d(v)  is  the  absorption  signal  of  interest.  Its  area 
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is  shaded  in  the  figure. 

If  we  now  define  as  the  equivalent  width,  the  parameter  wv  such  that 
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we  finally  arrive  at 
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In  practice  W  can  be  arrived  at  by  graphical  integration  of  the  signal  'v(v), 


or  by  other  more  empirical  techniques.  (Because  of  the  arbitrary  units  we 
found  it  convenient  to  cut  the  observed  absorption  lines  and  to  weigh  them 
on  a  precision  balance.  Tne  ratio  of  the  measured  weight  to  the  weight  of 
a  unit  area  gives  a  reasonable  first  approximation  to  the  required  area).  If 
'j  (v)  has  3  highly  symmetric  shape,  a  reasonable  approximation  for  IV  will  lie 
given  by  the  relation 
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where  IV  ^  is  the  full  width  at  half  height  of  '/  (v) .  (See  Fig  (5-.?)).  In  general, 
a  spectrometer  will  produce  an  absorption  spectrum  as  n  function  of  wavelength. 

The  equivalent  width  Vh  in  wavelength  space  is  related  to  the  absorption 

•  A 


coefficient  k(mv)  by 
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where  w  is  the  usual  dimensionless  frequency  measured  from  line  center  in 
units  of  the  Doppler  width. 

A  typical  experiment  can  be  carried  out  with  a  tungsten-halogen  lamp 
(500W)  whose  output  is  collimated  through  the  Ca  cell.  We  found  it  more 
convenient  to  bring  the  sample  at  a  high  temperature  first  and  to  collect 
the  temperature  dependent  data  by  cooling  off  the  oven  in  suitable  steps 
(AT~  -25°C).  This  method  has  the  advantage  that  the  effects  of  the  oxide 
layer,  which,  almost  unavoidably,  coats  the  sample  even  after  careful  handling, 
are  minimized.  Heating  up  the  sample  from  room  temperature  was  observed  to 
lead  to  irregular  increases  in  the  vapor  pressure  and  to  sudden  changes  of 
absorption  which  we  attribute  to  the  removal  of  the  oxide  layer  at  a  sufficiently 
high  temperature. 

By  varying  the  temperature,  different  values  of  the  equivalent  width 
arc  measured  from  the  absorption  spectra.  The  data  reduction  proceeds  as 
follows.  For  a  fixed  value  of  I',  a  set  of  theoretical  values  of  IV.  are 
constructed  from  the  theoretical  expression  as  a  function  of  £.n  (NO  where 
1  is  the  unknown  length  of  the  gas  column.  The  required  value  of  In  (NO  is 
found  as  shown  below  in  Fig.  5-3.  The  set  of  experimental  values  of  W  plotted 
as  a  function  of  the  interpolated  values  of  £n  (N't.)  will  provide  the  required 
curve  of  growth.  (  Se^fig  (5-4)). 

In  principle  the  method  outlined  above  is  capable  of  removing  tbe  effects 
of  the  finite  instrument  transfer  function.  However,  it  is  always  good  practice 


to  operate  the  spcctometor  in  such  a  way  as  to  introduce  the  least  amount  of 
instrumental  broadening.  After  selecting  the  proper  grating  and  blaze  angle, 
one  should  operate  in  the  di) fraction  order  that  produces  the  largest  throughput 
for  fixed  entrance  and  exit  slit  widths.  In  our  case,  with  a  600  ^ ^ mm  grating 
and  blaze  angle  for  Inin,  we  found  that  the  optimum  operating  diffraction 
order  for  highest  throughput  was  the  second.  We  decided  to  carry  out  absorption 
measurements  in  third  order  because  the  loss  of  output  signal  was  not  severe 
enough  to  offset  the  increased  resolution  from  second  to  third  diffraction  order. 

The  choice  of  the  slit  widths  is  the  next  step.  We  found  that  with  input 
and  output  slits  set  at  Spin,  the  output  signal  was  still  adequate  enough  to 
allow  an  essentially  noise  free  scan  of  the  absorption  line.  The  choice  of 
narrow  slits  enables  us  to  reduce  the  amount  of  background  signal  and  to  enhance 
substantially  the  ratio  of  peak  absorption  to  maximum  output  intensity,  even 
at  low  temperatures. 

It  is  observed,  in  addition,  that  for  decreasing  temperatures,  the  absorption 
profile  looks  more  and  more  triang  ular  in  shape.  Tins  is  due  to  the  reduced 
width  of  the  absorption  line  and  to  the  effect  of  the  convolution  of  the  temper¬ 
ature  independent  instrumental  profile  with  the  narrow  atomic  line.  (.See  Pig. 5-5, 
5-6,  5-7). 

It  is  especially  in  tnis  temperature  range  that  the  equivalent  width  method 
becomes  useful  because  direct  information  about  the  absorption  process  is 
buried  completely  under  the  instrumental  transfer  function. 


FIR,  5-2 


A  ROUGH  APPROXIMATION  FOR  THE  EQUIVALENT  WIDTH 
V  CAN  DE  OBTAINED  AS  SHOWN  IF  THE  ABSORPTION 
LINE  IS  SYMMETRIC. 


I 
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Theoretical  curve  of  growth  for  a  fixed  value  of  the 

TEMPERATURE,  THE  ATOMIC  DENSITY  CAN  BE  FORMED  AS  THE 
ABSCISSA  OF  THE  CURVE  OF  GROWTH  CORRESPONDING  TO  TIME 
EXPERIMENTAL  EQUIVALENT  WIDTH  W^Xp. 


FIG.  SA 

THE  EXPERIMENTAL  CURVE  OF  GROWTH  CAN  BE  TRACED  BY  INTER¬ 
POLATING  THE  EXPERIMENTAL  VALUES  OF  THE  EQUIVALENT 
WIDTH  WxeXP  AND  THE  CORRESPONDING  VALUES  OF  LN  (Njs).  An 
UNKNOWN  DENSITY  CAN  BE  DETERMINED  BY  MEASURING  W**1* 

AND  FINDING  THE  APPROPRIATE  ABSCISSA  FROM  THE  ABOVE 
CURVE  OF  GROWTH. 


EXPERIMENTAL  H/26  A  ABSORPTION  LINE  OF  Ca.;  W,  IS  THE  APPROPRIATE  EQUIVALENT  WIDTH, 


6.  Operation  of  the  COll  540A  Dye  Laser  anil  Second  Harmonic  Oeneration 


Coumarin  540A,  when  dissolved  in  ethanol,  has  a  lasing  bandwidth  from 
517  to  576  nm.  However,  the  dye  is  extremely  susceptible  to  contamination 
and  great  care  must  be  taken  during  preparation  and  filling  to  insure  its 
int  egrity . 

he  prepare  COU  540A  in  1.5  liter  quantities  according  to  the  following 
prescription : 

The  number  of  grams  of  powdered  dye  required  to  produce  a  solution  of 
particular  concentration  is  given  by  the  relation 
If  pr.  =  CM)  C  K.W.  )  (  L  ) 

where 

ff  gr.  -  number  of  grams  of  powdered  dye  , 

M  =  required  molarity  , 

M.V'.  =  molecular  weight  of  the  dye 
=  309.5  d/,i) 

and  L  =  number  of  liters  of  solvent  (Ethanol). 

Accordingly,  1.5  liters  of  COU  540A  lasing  solution,  at  1  X  10  ’  Molar,  requires 
46.4  grams  of  powdered  dye. 

To  insure  cleanliness  during  the  mixing  process,  all  glassware  and 

accessories  are  thoroughly  washed  with.  700  proof  ethanol  prior  to  mixing. 

In  addition,  the  dye  laser  is  equiped  with  an  "  in  lire  "  filtration  svsten  to 

A 

remove  any  dye  crystals  or  foreign  substances  that  may  he  present  in  the 
circulnl ion  system. 

While  the  dye  is  being  mixed,  ihr  initial  Alignment  of  the  dye  laser 
optics  is  performed. 
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conventional  alignment  proce  clures  using  a  He  He  laser  are  time  consuming 
and  impractical.  We  developed  a  quick  but  accurate  technique  to  visually 
allign  the  flashl amp-pumped  dye  laser. 

With  pure  ethanol  circulating  through  the  laser  firing  head,  the  maximum 
and  output  reflectors  are  visually  brought  into  allignment  in  a  plane-parallel 
mirror  cofiguration  (  PPMC  )  . 


DP-60 

Prisms 


This  is  done  as  follows. 

1)  With  the  capacitor  bank  voltage  at  zero  volts,  and  the  dye 
circulation  system  containing  pure  ethanol  (  no  lasing  solution  or  reflectors  ), 
one  may  orient  his  eye  in  such  a  position  as  to  see  coaxially  through  the 
center  of  the  flashlamp  with  both  input  and  output  ports  appearing  concentric. 

2)  One  installs  the  maximum  reflector  in  the  PPM  configuration  and  adjusts 
the  horizontal  and  vertical  vernier  controls  on  the  maximum  reflector  mount 

so  that  the  return  image  of  the  eye  from  the  reflector  is  concentric  with 
the  input  and  output  ports  of  the  flashlamp. 


3)  One,  then  installs  the  output  reflector  in  the  PPM  configuration 
and  again  adjusts  the  horizontal  and  vertical  vernier  controls  on  the  output 
reflector  mount  so  that  the  return  image  of  the  eye  from  the  output  reflector 
overlaps  the  image  from  the  maximum  reflector.  When  this  is  done,  the  laser 
optics  is  alligned  in  the  plane-parallel  mirror  configuration.  It  should 
be  noted  that  this  alignment  procedure  is  relatively  accurate,  can  be  performed 
in  a  very  short  time,  and  does  not  require  the  use  of  a  Ile-N’e  laser. 

The  ethanol,  being  used  in  the  dye  circulation  system  as  a  cleaning 


solvent,  is  drained  and  the  freshly  mixed  COU  54 OA  lasing  solution  is  filled. 

The  dye  is  allowed  to  circulate  for  several  minutes  to  insure  that  the  "  in 
line  "  filtration  system  will  remove  any  undissolved  dye  crystal,  or  foreign 
particles  that  may  be  present. 

The  laser  system  can  nos;  be  operated  in  the  "broadband"  lasing  mode. 

While  the  system  does  not  yet  contain  the  Phase-R  DP-60  dispersive  prism 
assembly,  the  broadband  configuration  will  allow  one  to  check  the  thermal 
stability  of  the  lasing  solution  in  the  flashlamp  along  with  the  dye  concentration 
and  integrity. 

Once  lasing  has  been  achieved  in  the  broadband  mode,  the  maximum  reflector 
is  removed  to  allow  installation  of  the  DP-60  prism  assembly.  (Pig.  6-1) 

The  assembly  is  oriented  so  that  the  normal  of  the  input  face  of  prism 
#1  makes  an  angle  of  approximately  60c  with  the  optical  axis  of  the  flashlamp. 

The  capacitor  bank  is  now  charged  to  approximately  10-11  IT.  While 
this  voltage  value  is  large  enough  to  permit  the  spark  gap  to  break  down  allowing 
the  flashlamp  to  fire,  it  is  below  the  lasing  threshold  of  the  dye,  and 
consequently,  no  laser  action  will  be  produced.  However,  by  placing  a  small 
card  several  inches  from  the  output  face  of  prism  #2  while  firing,  the  fluorescence 
from  the  flashlamp  emerging  from  the  output  of  the  prism  assembly  can  be 
readily  ob  sc rv ed . 

When  the  exact  location  of  this  fJuorcscensc  has  been  carefully  noted  and 
the  capacitor  ban!  voltage  reduced  to  zero  volts,  on  extension  rail  holding 
the  maximum  reflector  can  be  temporarily  .installed  at  the  output  face  of  prism  #2. 
The  maximum  reflector  should  be  handled  carefully  to  insure  that  the  horizontal 
and  vertical  vernier  settings  on  the  reflector  mount  are  not  changed  from  their 
PPM  configuration  citings.  Hndcr  operating  conditions,  the  angle  between  the 
output  icfloctor  extension  rail  and  the  output  face  of  prism  will  control  the 


gross  frequency  tuning  of  the  laser,  fine  variation  of  t lie  output  frequency 
is  accomplished  by  varying  the  horizontal  vernier  of  the  maximum  reflector 
after  the  extension  rail  has  been  positioned  and  secured. 

Optimization  of  the  energy  output  at  t ho  selected  frequency  will  require, 
at  most,  fine  tuning  of  the  vertical  vernier  on  the  maximum  reflector  mount. 

The  output  reflector,  still  set  in  the  plane  parallel  mirror  configuration, 
requires  no  additional  optimization. 

It  should  again  be  noted  that  this  entire  al ligament  can.  generally  be 
accomplished  in  less  than  five  minutes  and  does  not  require  the  use  of  a  He 
Ne  laser. 

The  extended  cavity  length  in  the  tuning  configuration  produces  a  v  11 
collimated  beam  capable  of  producing  burn  patterns  on  Polaroid  film  .  t  distances 
up  to  6  feet  from  the  output,  reflector. 

The  energy  of  the  laser  pulse  was  measured  2  feet  from  the  output  reflector 
using  a  thermopile  (  Keith Icy  1 49 -Mi Hi -Micro vo 1 tmet cr  and  a  Model  No.  10S 
detector  head  )  calibrated  at  SO. 2  yV/ioule.  Typical  output  energies  of  the 
order  of  several  tenths  of  a  joule  arc  obtained  routinely,  for  pulse  shape 
studies  the  beam  was  monitored  by  a  photodiode  (Fig.  6-1)  and  a  Tektronics  7613. 
A  typical  pulse  has  a  full  width  at  half  maximum  of  600  ns.  With  a  pulse 
energy  of  0.7  Joules  and  a  pulse  duration  of  600  ns,  the  pulse  power  of  the 
laser  is  about  300  KW.  While  this  represents  a  typical  output  power,  pulses 
with  power  up  to  860  KW  were  recorded. 

The  position  of  the  laser  line  was  measured  in  the  following  way.  A 
portion  of  the  beam  was  .split  and  fed  into  a  Spcx  3/4  meter  monochromator. 

With  the  wavelength  selector  set  at  3700  A,  the  laser  line  was  photographed 
against  the  background  of  a  known  portion  of  the  Hg  spectrum.  Prior  to 
entering  the  mcmochiomatur,  the  laser  pulse  was  attenuated  by  a  P=0.4  neutral 


density  filter  and  dispersed  by  ground  glass. 

While  the  entrance  slit  was  set  at  Sii ,  no  output  slit  was  used. 

With  knowledge  of  the  reciprocal  linear  dispersion  of  the  monochromator, 
we  were  able  to  determine  the  position  of  the  laser  line  using  the  r.  1  .3  A 

emission  line  of  a  low  pressure  !ig  lamp  as  a  reference.  If  a  typical  laser 
line,  for  example,  is  found  to  he  0.9  mm  to  the  left  (  blue  )  of  the  5461.3  A 
llg  line  and  if  the  reciprocal  linear  dispersion  of  the  spectrometer  in  the 
wavelength  range  of  interest  is  7.7 . 199  A/ir.m  the  lasing  wavelength,  A j  ,  is  equa. 
to 

a  u 

Xl  =  5461.3  A  -  19.98  A 

=  5441.32  A 

The  output  frequency  of  the  laser  can  be  changed  by  varying  the  horizontal 
vernier  on  the  maximum  reflector  mount. 

j 

With  the  laser  tuned  to  the  desired  fundamental  frequency  of  5441  A,  the 
second  harmonic  crystal  can  be  set  up  for  producing  the  required  UV  pump 
pulse.  We  initially  attempted  second  harmonic  generation  with  a  90°  phase 
matched  temperatured  tuned  ADP  crystal.  (This  required  the  addition  of  a  2X 
telescope  at  the  dye  laser  output  to  increase  the  power  density  of  the  5441  A 
radiation  and  to  reduce  the  beam  size  to  accomodate  the  ADP  crystal.)  In 

C 

90  phase  matching  crystals,  the  fundamental  and  second  harmonic  beams  propaga 
normal  to  the  optic  axis  without  birefringence  while  the  wave  vector  mismatch 
is  made  equal  to  zero  by  temperature  timing  the  crystal.  The  quoted  operating 
temperature  for  proper  phase  matching  at  2721  A  is  82  °C.  The  temperature  of 
the  crystal  war.  increased  to  82  ‘  C.  at  a  rate  of  1.5  C  per  minute. 

Shortly  after  the  operating  temperature  was  reached,  it  was  observed  that 
the  Jove!  of  the  phase  matching  fluid  (freon)  surrounding  the  ADP  crystal  in 
the  crystal  oven  had  dropped  considerably.  Attempts  to  replace  the  lost  fluid 


and  operate  the  crystal  proved  to  be  futile  as  fluid  loss  was  still  considerable. 
Kven  after  repairs  the  unit  continued  to  suffer  from  loss  of  freon  and  in 
addition,  degradation  of  the  ADP  crystal  faces  was  observed. 

Several  attempts  by  the  manufacturer  to  repair  and  modify  the  crystal 
assembly  over  the  proceeding  months,  did  not  produce  a  satisfactory  solution 
of  this  problem.  After  concluding  that  our  difficulties  were  caused  by 
unavoidable  chemical  decomposition  of  the  crystal  end  faces  at  the  operating 
temperature,  we  decided  to  purchase  an  angle  tuned  KPP  crystal  from  Cleveland 
Crystal  Co. 

The  angle-tuned  KDP  crystal  does  not  require  critical  allignment  to  he 
oriented  correctly  along  the  optical  axis  of  the  dye  laser.  It  operates  at 
room  temperature  and  requires  no  reduction  of  the  fundamental  beam  sice. 

The  UV  conversion  effecicncy  is  high  enough  that  induced  fluorescence  can  he 
detected  visually  from  a  suitable  screen  placed  more  than  2  feel  from  the 
second  harmonic  crystal.  The  output  of  the  dye  laser  is  almost  linearly 
polarized  in  the  horizontal  plane  and  the  emerging  UV  pulse  is  linearly 
polarized  in  the  vertical  direction. 


7. 


Production  of  1R  laser  radiation 


Our  original  plans  called  for  operation  of  flash  lamp  Dye  laser  operating 
at  9153  A°  and  using  1R  125  dye  dissolved  in  DMSO  as  active  medium.  In 
assembling  and  testing  the  commercial  unit  which  had  been  purchased  for  this 
purpose,  v.c  encountered  several  serious  difficulties  which  we  believe  ought  to 
be  made  explicit  in  this  report. 

The  dye  solvent  (DMSO)  when  used  in  large  quantities  (about  one  liter) 
poses  a  serious  health  hazard.  The  alignment  of  the  laser's  optical  components 
is  made  very  difficult  by  the  long  path  length  of  the  active  medium  and  the 
nearly  total  absorption  of  the  Ile-Ne  laser  light  by  the  dye.  In  addition  the 
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DMSO  freezes  in  the  tubing  when  the  laboratory  temperature  is  loss  than  18.4  C, 
while  at  the  same  time,  the  operating  efficiency  of  the  dye  becomes  too  low  for 
useful  operation  at  temperature  higher  than  about  20°C. 

However,  two  of  the  most  serious  difficulties  in  the  original  commercial 
design  of  the  laser  were  the  very  low  pumping  efficiency  of  the  IR  dye  by  the 
Xe  flash  lamp  and  the  rapid  degradation  of  the  dye  by  the  high  frequency 
spectral  end  of  the  pump  radiation.  (It  should  be  kept  in  mind  that  the  IR  125 
dye  has  an  absorption  peak  at  8000  A0). 

A  second  attempt  was  made  using  the  dye  laser  cavity  to  produce  a  broad 

band  7000  A0  laser  radiation  using  no  tuning  elements  and  Oxazine  720  dye 

dissolved  in  Ethanol  as  the  active  element  with  a  concentration  of  5  x  10~S/1. 
Under  these  conditions  the  power  dinsity  output  of  the  Oxazine  laser  was 

n 

measured  to  be  approximately  550  KlV/cm". 

The  IR  125  solution  (1  x  10  M  in  DMSO)  was  placed  in  a  1  cm  x  1  cm 
spcct rophot omctric  cell  which  was  positioned  inside  a  cavity  consisting  of  the 
appropriate  reflectors  (Rig, (7-1) ,  in  a  plane  parallel  configuration.  The 
solution  was  st.iri<d  by  a  magnetic  bar  and  magnetic  stirrer.  Hy  hard  focusing 


the  pump  pulse  Inside  the  limited  volume  of  IR  dye  we  have  succeeded  in 
obtaining  IR  laser  emission,  but  not  to  such  an  extent  as  to  allow  energy 
or  power  measurements.  By  focusing  the  IR  output  on  exposed  Polaroid  film 
we  have  barely  managed  to  produce  small  and  faint  burn  patterns. 

A  third  design  employed  a  special  IR  cell  (Fig. (7-2)1  pumped  by  the 
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Oxazine  laser  pulse.  The  dye  concentration  was  optimized  at  1  x  10  ft  in  DMSO 
and  the  solution  was  circulated  axially  through  the  active  volume.  In  spite 
of  numerous  precautions  to  minimize  losses  and  to  optimise  the  coupling  of  the 
active  medium  with  the  pump,  the  IR  laser  power  was  found  to  be  still  unsatis¬ 
factory.  In  our  opinion  the  dye  efficiency  is  too  low  for  operation  with  a 
pump  pulse  as  long  as  600  nscc,  which  is  about  the  limit  for  the  flash  lamp 
pumped  Ox a z in  laser. 

Our  fourth  design  involved  the  use  of  a  Q-switched  Ruby  laser  as  a  pump 
for  the  IR  dye.  Preliminary  tests  were  carried  out  successfully  with  a 
passively  Q-switched  Ruby  laser  ( ~ 40  nsec  pulse  duration,  %0.4  -  0.1  Joule 
pulse  energy). 

The  6943  A°  radiation  was  focused  by  a  cylindrical  lens  into  the  dye- 

solution  using  the  same  geometry  shown  in  Fig. 7-2,  but  after  replacing  the 

Max  reflector  with  a  high  power  grating  (1200  lines/mm).  Reliable  IR  laser 

output  at  the  required  wavelength  (9153  Ac)  was  obtained  routinely  using  an 
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optimum  concentration  of  1.5  x  10  / \ .  1 R  125/DMSO  solution.  Typical  IR  pulse 

energies  were  measured  to  be  about  10  m  J  with  pulse  durations  close  to  20r,scc. 

(500  KV.  power).  In  our  present  set  up^thc  passively  Q-switched  Ruby  Laser 
has  been  replaced  by  a  new  3.5  J,  Pockcfs  Cell  Q-switchcd  llolobcam  Ruby 
laser  (purchased  with  Drexel  funds). 

The  IR  cell  design  has  also  been  modified  (courtesy  of  Phase  -  R  Co.).  A 
very  satisfactory  performance  has  been  obtained  using  t ho  set  up  shown  in  tig(7-5). 
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IR  pulses  in  excess  of  90-  100  jiiJ  (20  nsec  duration)  can  be  produced  routinely. 
'Ihe  output  radiation  shows  good  beam  quality  and  moderate  divergence.  One 
maior  advantage  of  the  present  set  up  is  that  the  IR  laser  beam  is  wide  enough 
to  cover  essentially  the  entire  face  of  the  grating.  Surprisingly,  the 
intracavity  IR  laser  power  is  so  high  that  repeated  operation  has  been  shown 
to  cause  progressive  damage  of  the  high  power  grating  used  as  a  tuning  element. 

'ihe  problem  can  be  cured  by  either  lengthening  the  IR  laser  cavity  (this 
would  also  improve  the  collimation  of  the  laser  output)  or  by  replacing  the 
grating  with  a  pair  of  tuning  prisms.  This  second  solution  looks  less  appealing 
because  of  the  low  spectral  resolution  of  t he  prisms  in  the  wavelength  range 


of  interest. 
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FIG,  7-1 

1.  1  CM  X  1  CM  SQUARE  CUVETTE 

2.  MAX ,  REFLECTOR 

3.  OUTPUT  REFLECTOR 

L\,  FOCUSING  LENS  FOR  OXA7INE  PUMP  PULSE 
5.  FOCUSING  LENS  TO  PRODUCE  BURN  PATTERNS 
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FIG.  7-2 

o 

1,  700UA  OXAZINE  LAGER  PUMP 

2,  CYLINDRICAL  LENS 

3,  CIRCULATING  DYE 
A.  MAX,  REFLECTOR 

5,  IR,  OUTFIT  REFLECTOR 

6,  ANTI RE ELECT I ON  COATED  WINDOW 

7,  IR  DYi:  CELL 


FIG,  7-3 
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A  6943  A  PIT?  RUBY  PULSE  (3.5J/20  nsec) 

B  HIGH  POWER  GRATING  (TUNING  ELEMENT) ;  1200  LINES/MM J 
BLAZED  AT  7500  A 

C  OUTPUT  REFLECTOR  FOR  INFRARED  LASER 
D  ANT I REFLECT ION  COATED  WINDOW 
E  SILICON  0-RINGS 

F  CIRCULATING  DYE;  1  X  lO^  ,M,  IR  ,125/DMSO 
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8. 


Timing  Unit 


An  important  requirement  in  our  experimental  set  up  is  the  ability  to 
control  the  temporal  sequence  of  the  UV  pump  and  of  the  1R  pulse.  In  the 
present  set  up  the  firing  of  the  Ruby  laser  can  he  controlled  with  good 
accuracy.  A  major  problem  was  posed  initially  by  the  need  to  link  the  Phase 
Phase  R  Con  540  A°  dye  laser  with  the  Q-switched  Ruby  laser. 

This  was  not  a  negligible  difficulty  because  of  the  large  time  jitter 
of  the  dye  laser  spark  gap,  the  slow  rise-time  of  the  trigger  transformer 
and  the  dependence  of  the  corona  discharge  time  on  the  N ?  pressure  in  the 
gap  and  the  air  moisture. 

To  overcome  this  problem,  we  have  eliminated  the  Phase-11  spark  gap  and 
replaced  it  with  a  specially  selected  T.G  $  G  spark  gap  and  trigger  transformer, 
characterised  by  a  faster  rise  time  (20  times  faster  than  the  original 
transformer)  and  a  much  smaller  electronic  jitter. 

Tlie  new  unit  is  sealed,  so  that  it  eliminates  the  need  for  additional 
spark  gap  pressurization.  This  trigger  may  have  to  be  replaced  more  frequently 
than  the  original  one  ( i t  cannot  be  cleaned  inside)  but  it  provides  numerous 
advantages  which  well  compensate  for  the  finite  life-time. 

The  operation  of  the  new  timing  unit  is  illustrated  in  Tig. (8-1).  At 
t  =  0  (the  onset  of  the  Ruby  £ lasiilamp)  a  pulse  enters  a  master  clock  to 
initiate  the  delay  (Fig.  (8-2)).  The  Poekcls  Cell  is  triggered  by  a  second 
pul  i  from  the  master  clock  which  is  produced  after  a  present  time  t  j  (in  our 
i'.t  '  i ) .  A  third  pulse  is  finally  sent,  after  a  variable  delay  to 
!  !  1,.mt  t  v i  i.  ring  un  i  t  . 

t  i;  ;  ut  pul  e  to  be  the  1R  pulse  one  only 
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FIG,  8-3 

1,  RUBY  LASER  AND  f’OCKELS  CELL 

2,  INFRARED  USER 

3,  CALC II M  CELL 

4,  PHASE-R  DYE  USER 

5,  MASTER  CLOCK 
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